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ABSTRACT
Selenium-dependent glutathione peroxidase (SeGPX) forms part of the 
antioxidant defences, a group of scavenger molecules and enzymes 
responsible for defending eukaryotic cells against pro-oxidative damage. It 
catalyses the reduction of hydrogen and lipid peroxides, rendering them non­
toxic.
Enzyme activity and putative mRNA for SeGPX had been previously detected 
in the digestive tissues of the mussel Mytilus edulis (Winston et al 1990, 
Livingstone eta ! 1992, Goldfarb at a! 1989). This study was undertaken to 
investigate the regulation and function of SeGPX, in M.edulis and also in the 
scallop Pecten maxim us , the starfish Asterias rubens and the shore crab 
Carcinus maenas. Sources of pro-oxidant stress include changing oxygen 
tension and dietary chemicals. The four species were chosen as representing 
three major invertebrate phyla and different nutritional and respiratory strategies 
M.edulis (euryoxic, herbivore, Mollusca), P.maximus (stenoxic, herbivore, 
Mollusca), C.maenas (euryoxic, omnivore, Arthropoda), and A.rubens (stenoxic, 
carnivore, Echinodermata).
Determination of the tissue distribution of SeGPX, total GPX, catalase, 
superoxide dismutase, glutathione reductase and DT-diaphorase activities was 
carried out in the four marine invertebrates, with comparison to endogenous 
potential for reactive oxygen species (ROS) production in the tissues studied. 
SeGPX enzyme levels were also compared to the putative SeGPX mRNA 
signal, determined by slot blotting and probing with the human SeGPX gene. 
Overall, there was a trend for greatest enzyme activity and ROS production 
potential in the digestive tissues, followed by the respiratory tissues. 
Comparison to endogenous ROS production potentials indicated that factors 
such as diet, respiratory strategy and motility were influential in determining the 
levels of antioxidant enzymes present in each species.
Further optimisation of nucleic acid detection resulted in the demonstration of 
a single copy SeGPX gene in M.edulis genomic DNA and a single SeGPX 
mRNA species of approximately 1.2 Kilobases in length in the digestive gland, 
in agreement with other known SeGPX mRNAs. Western blotting using an anti­
human SeGPX polyclonal antibody, detected a 23KDa protein in M.edulis 
digestive gland. These methods and activity assays for SeGPX and total GPX 
were then used to investigate the seasonal regulation of SeGPX in M.edulis , 
the results indicating regulation of SeGPX at the mRNA level, possibly in 
relation to temperature, reproductive cycle and diet. Total GPX activity mirrored 
neither SeGPX protein nor SeGPX mRNA levels, indicating the involvement of 
other enzymes, such as glutathione S-transferases in catalysing GPX activity 
with organic peroxides.
Dietary effects on SeGPX and antioxidant enzymes were investigated by 
starving M.edulis, A.rubens and C.maenas, for prolonged periods of up to 10 
weeks. Differences in induction and repression of antioxidant enzymes were 
indicated in the three species, SOD activity decreasing possibly due to reduced 
cellular O2" levels, in all species except A.rubens. Catalase and SeGPX activity 
in M.edulis and C.maenas showed clear signs of induction after 5 weeks 
starvation, possibly to counteract increased protein oxidation and lipid 
peroxidation. Finally, water-borne heavy metal ions, Cu2+ Hg2+ and GH3Hg+, 
known perturbera of glutathione metabolism in the Mediterranean mussel 
Mytilus galloprovincialis, were used to study changes in the mRNA, protein and 
activity levels of SeGPX. Results showed increased mRNA levels for SeGPX in 
the gill of M.galloprovincialis in response to exposure to Hg2+, possibly 
indicating an induction response to either ROS mediated damage, or 
decreased levels of functional SeGPX. SeGPX protein levels often mirrored the 
changes in mRNA levels. However only in the case of Gu2+ exposure did
enzyme activity show corresponding changes with SeGPX mRNA and protein. 
Levels of SeGPX were seen to return to normal levels for Gu2+ and GH3Hg+ 
exposure
Overall, a single gene and mRNA species have been indicated for M.edulis 
SeGPX, a similar mRNA also being present in the major tissues of three other 
marine invertebrates. The SeGPX mRNA levels in M.edulis appear to respond 
to a number of endogenous and exogenous stimuli, including seasonal 
regulation, starvation and heavy metal toxicity-induced ROS mediated stress. 
Control of SeGPX enzyme levels therefore appears to be exerted at the level of 
SeGPX mRNA transcription or stabilisation.
This thesis and the work it contains 
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ABBREVIATIONS
Note - Classical, selenium-dependent, glutathione peroxidase.
In the recent literature concerning this enzyme, several abbreviations are 
used, including GSHPx, GPX, GPx, SeGPX, cGPX, cGSH-Px and GPX1. In the 
majority of cases, these abbreviations are used to distinguish the cytosolic 
selenium-dependent enzyme from other forms such as the phospholipid or 
plasma glutathione peroxidases and glutathione S-transferase activity. Given 
that in marine invertebrates, evidence currently exists for only two discernible 
GPX activities, the selenium-dependent and glutathione S-transferase 
catalysed activities, for the sake of clarity, the selenium dependent activity is 
referred to as 'SeGPX' and the sum of that and the glutathione s-transferase 
mediated activity as 'total GPX' throughout the thesis.
188, 18 Svedberg units
288, 28 Svedberg units
a-KMBA, 2-keto-4-methiolbutyric acid
A260nm, Absorbance at 260nm
bp, base pairs
BSA, Bovine serum albumen
DCPIP, Di-chloro-phenol-indophenol
dCTP, Deoxy-cytidine tri-phosphate
DE PC, Diethyl pyrocarbonate
DG, Digestive gland
DNA , Deoxy ribonucleic acid
ds. Double stranded
DT-diaphorase, Quinone oxidoreductase
ECL, Enhanced chemiluminescence
EDTA, Ethylene-diamine-tetra-acetic acid
GPX, Glutathione peroxidase
GSH, Glutathione (reduced form)
GSSG, Glutathione (oxidised form)
HP, Hepatopancreas
IgG, Immunoglobulin
Kb, Kilobase
KDa, Kilodalton
LDH, Lactate dehydrogenase
MDH, Malate dehydrogenase
MOPS, 3-(N-morpholino)propane sulphonic acid
mRNA, Messenger ribonucleic acid
MW, Molecular weight
NAD, Nicotine adenine dinucleotide
NADH, Nicotine adenine dinucleotide (reduced form)
NADP, Nicotine adenine dinucleotide phosphate
NADPH, Nicotine adenine dinucleotide phosphate (reduced form)
p, probablility
PAGE (SDS-PAGE), (SDS)Polyacrylamide gel electrophoresis
PBS, Phosphate buffered saline
PBSBT, Phosphate buffered saline with Tween 20 and BSA
PC, Pyloric caeca
PCR Polymerase chain reaction
RNA, Ribonucleic acid
ROS, Reactive oxygen species
SDS, Sodium doedecyl sulphate
SeGPX, Selenium-dependent glutathione peroxidase
SEM, Standard error of the mean
SOD, Superoxide dismutase
ss, Single stranded
SSC, Saline sodium citrate
TAE, Tris acetate buffer
TE, Tris EDTA buffer
TEMED, N,N,N',N',-tetramethyl ethylene diamine
Tris, T ris(hydroxymethyl)aminomethane
tRNA, Transfer ribonucleic acid
TYN, Tryptone,yeast extract, NaCI medium
u. Enzyme units
uv. Ultra-violet light
xg. Multiples of gravity
XOD, Xanthine oxidase
CONTENTS 
CHAPTER 1
INTRODUCTION 1
1.1 GENERAL INTRODUCTION. 1
1.2 PRO-OXIDANT AND ANTIOXIDANT PROCESSES IN 
BIOLOG ICAL SYSTEMS 2
1.2.1 Pro-oxidant sources of reactive oxygen species (ROS) 2
1.2.2 Antioxidant enzymes and other protection against ROS 4
1.2.3 Distribution of antioxidant enzymes in animals 5
1.2.4 Oxidative damage by ROS 7
1.3 GLUTATHIONE PEROXIDASE - ENZYMOLOGY,
FUNCTION AND GENE REGULATION 8
1.3.1 Biological distribution of SeGPX and related enzymes 9
1.3.2 SeGPX Enzymoiogy 9
1.3.3 Other selenoproteins 10
1.3.4 Effects of Se deficiency 12
1.3.5 Gene regulation and control of SeGPX expression 13
1.3.6 SeGPX gene structure 15
1.3.7 SeGPX genes and related sequences in higher animals 17
1.4 PRO-OXIDANT AND ANTIOXIDANT PROCESSES IN
MARINE INVERTEBRATES 18
1.4.1 Generation of ROS in marine invertebrates 18
1.4.2 Antioxidant defence enzymes in marine invertebrates 22
1.4.3 Oxidative damage by ROS in marine invertebrates 25
1.4.4 SeGPX in marine invertebrates - current knowledge 26
1.5 OBJECTIVES AND ANIMALS USED IN THE STUDY 28
1.5.1 Objectives and approach 28
1.5.2 The common mussel Mytilus edulis 29
1.5.3 The scallop, Pecten maximus 31
1.5.4 The starfish, Asterias rubens 32
1.5.5 The shore crab, Carcinus maenas 33
1.5.6 Tissues of interest in antioxidant defence studies 35
^.5.6A Mytilus edulis 35
1.5.6.2 Pecten maximus 36
1.5.6.3 Carcinus maenas 37
1.5.6.4 Asterias rubens 38
1.5.7 Oxidative stress as a biomarker for pollution 39
1.6 EXPERIMENTAL STUDIES 40
1.7 SUMMARY 41
CHAPTER 2
MATERIALS AND METHODS 42
2.1 MATERIALS 42
2.1.1 Animals 42
2 .1.2 Chemicals and reagents 42
2.1.3 Radiochemicals 43
2.1.4 Antibodies 44
2.2 ANIMAL HUSBANDRY AND EXPERIMENTAL CONDITIONS 44
2.3 DISSECTION AND STORAGE TISSUES 44
2.4 RNA EXTRACTION 45
2.4.1 Lithium chloride/phenol extraction 46
2.4.2 Qiagen total RNA extraction 47
2.4.3 RNAzol-B total RNA extraction 48
2.5 GENOMIC DNA EXTRACTION 49
2.6 RESTRICTION DIGESTION OF DNA 50
2.6.1 Genomic DNA digestion 50
2.6.2 Restriction of plasmid DNA 51
2.7 AGAROSE GEL ELECTROPHORESIS OF NUCLEIC ACIDS 52
2.7.1 DNA agarose gels 52
2.7.2 RNA agarose gel electrophoresis 53
2.8 STAINING AND VISUALISATION OF NUCLEIC ACIDS 54
2.8.1 Methylene blue staining of RNA 54
2.8.2 Photography of gels 55
2.9 SOUTHERN TRANSFER 55
2.10 NORTHERN TRANSFER 56
2.10.1 Slot blotting 56
2.11 SYNTHESIS OF RADIOLABELLED DNA PROBES 58
2.11.1 Bacterial strains 58
2.11.2 Culture of bacteria 59
2.12 PLASMID DNA ISOLATION 59
2.12.1 Qiagen plasmid kit 59
2.12.2 Magic maxi preps 61
2.13 UV SPECTROPHOTOMETRY 62
2.14 DNA PROBE SYNTHESIS 63
2.14.1 Removal of DNA from agarose gel 63
2.14.2 Radiolabelling of DNA probes 64
2.14.3 Nick translation columns 65
2.15 HYBRIDISATION OF RADIOLABELLED PROBE DNA
TO TARGET SEQUENCES 65
2.15.1 Formamide method 66
2.15.2 Amersham "Rapid hyb" method 66
2.15.3 Formamide-adapted Church and Gilbert method 67
2.16 STRINGENCY OF MEMBRANE WASHES 67
2.17 AUTORADIOGRAPHY 69
2.18 DETERMINATION OF ANTIOXIDANT AND
OTHER ENZYME ACTIVITIES 70
2.18.1 preparation of subcellular fractions. 70
2.18.2 Glutathione peroxidase assay(EC 1.11.1.9) 72
2.18.3 Glutathione reductase assay(EC 1.6.4.2) 73
2.18.4 Catalase assay(EC 1.11.1.6 ) 74
2.18.5 Superoxide dismutase assay(EC 1.15.1.1) 74
2.18.6 DT- Diaphorase assay
(Quinone oxidoreductase EC 1.6.99.2.) 75
2.18.7 Lactate dehydrogenase assay (EC 1.1.1.27) 76
2.18.8 Malate dehydrogenase assay(EC 1.1.1 .^7) 76
2.18.9 Lowry protein assay 77
2.19 HYDROXYL RADICAL PRODUCTION (o^-KMBAassay) 77
2.20 WESTERN BLOT ANALYSIS OF GPX PROTEIN CONTENT 79 
$.20.1 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 79
2.20.2 Transfer of proteins to nitrocellulose membrane ' 81
2.20.3 Immunological detection of SeGPX protein
on nitrocellulose membrane. 82
2.20.4 Enhanced chemiluminescence (ECL) visualisation
of SeGPX Protein. 83
2.21 SCANNING DENSITOMETRY 84
CHAPTER 3 
TISSUE DISTRIBUTION OF GLUTATHIONE 
PEROXIDASE, RELATED ANTIOXIDANT ENZYMES 
AND ENDOGENOUS ROS GENERATION POTENTIAL 
IN M.eduUs, P.maximus, A.rubens and C.maenas 85
3.1 INTRODUCTION 85
3.2 MATERIALS AND METHODS 86
3.2.1 Statistical analysis 87
3.3 RESULTS 88
3.3.1 Enzyme activities 88
3.3.2 Levels of mRNA for SeGPX in different tissues
of M.edulis, P.maximus, A.rubens and C.maenas. 100
3.3.3 Endogenous ROS production potentials 102
3.4 DISCUSSION 107
3.4.1 Relationships between antioxidant enzymes 107
3.4.2 SeGPX mRNA levels 115
3.4.3 Relationships between NAD(P)H-dependent
ROS generation potential and antioxidant enzymes 117
CHAPTER 4
DETECTION OF SeGPX PROTEIN AND NUCLEIC ACIDS 
and
STUDY OF SEASONAL VARIATION OF GLUTATHIONE 
PEROXIDASE IN THE DIGESTIVE GLAND OF M .edulis  121
4.1 INTRODUCTION 121
4.1.1 Seasonal variation in gene expression and activity
in the digestive gland of M. edulis 122
4.2 DEVELOPMENT OF NUCLEIC ACID AND
IMMUNO DETECTION TECHNIQUES 123
4.2.1 Isolation of intact total RNA from M.edulis. 124
4.2.2 Optimisation of detection of SeGPX-related nucleic acid
sequences in M. edulis. 126
4.2.2.1 variation of nucleic acid transfer
techniques. 126
4.2.2.1.1 Time of transfer of nucleic acids 126
4.2.2.2 Hybridisation solutions 131
4.2 2.3 SeGPX probe sequences used. 135
4.2.3 Conclusion 142
4.3 IMMUNO DETECTION OF M.eduUs SeGPX PROTEIN. 142
4.3.1 Primary antibody concentration 144
4.3.2 Variation of secondary antibody concentration. 146
4.3.3 Variation of antibody incubation time. 148
4.3.4 Densitometrical analysis of western blot results. 150
4.3.5 Conclusion 150
4.4 SEASONAL VARIATION OF GPX STATUS IN M.eduUs
DIGESTIVE GLAND. 152
4.4.1 Methods and materials 152
4.4.1.1 Statistical analysis 153
4.4.2 RESULTS 154
4.4.3 DISCUSSION 161
CHAPTER 5
EFFECTS OF STARVATION ON THE ANTIOXIDANT 
ENZYMES OF Mytilus eduiis, Asterias rubens AND  
Carcinus maenas 169
5.1 INTRODUCTION. 169
5.2 METHODS 171
5.2.^ Mytilus edulis 171
5.2.2 Asterias rubens 171
5.2.3 Carcinus maenas 172
5.2.4 Cytosol preparation and enzyme assays 173
5.2.5 Statistical analysis 173
5.3 RESULTS 174
5.4 DISCUSSION 184
CHAPTER 6
EFFECTS OF THE HEAVY METALS COPPER AND 
MERCURY ON GLUTATHIONE PEROXIDASE IN Mytilus 
gaiiopro vincialis
6.1 INTRODUCTION 192
6.2 METHODS 193
6.2.1 Exposure conditions 194
6.2.2 Biochemical analysis of samples 194
6.2.3 Statistical analysis 195
6.3 RESULTS 196
6.3.1 Effects of Cu2+exposure 196
6.3.2 Effects of Hg2+ exposure 200
6.3.3 Effects of CH3Hg+ exposure 204
6.3.4 Comparison of GPX responses for different metal exposures 205
6.4 DISCUSSION 209
6.4.1 Comparison of effects of Cu^+, Hg^+and CHsHg+ on
SeGPX function 215
6.4.2 Regulation of SeGPX synthesis and function and
relationship with total GPX activity 216
CHAPTER 7 
DISCUSSION
7.1 ORIGINAL AIMS 219
7.2 SUMMARY OF RESULTS 220
7.3 CONCLUSIONS 225
7.4 FUTURE WORK 226
APPENDIX - SOLUTIONS, MEDIA AND BUFFERS 229
REFERENCES 234
CHAPTER 1 
INTRODUCTION
1.1 GENERAL INTRODUCTION.
Classical selenium-dependent glutathione peroxidase (SeGPX EC 1.11.1.9) 
until recently held a unique place in molecular biochemistry, due to its unusual 
selenium moiety incorporated into each subunit (Flohé et al 1972). Its function 
is to reduce peroxides of hydrogen and lipids, via the peroxidation of reduced 
glutathione, thereby rendering the potentially deleterious molecules harmless 
in the cell cytoplasm.
The marine mussel Mytilus edulis and other marine invertebrates have been 
shown to have antioxidant defence enzyme activities such as SeGPX, 
analogous to those found in mammals (Livingstone et al 1992). Previous 
studies (Goldfarb et al 1989, Spry et al 1989, Livingstone 1991a) had 
investigated the presence and the effects of natural and xenobiotic induced 
variation on the cytochrome P450 enzyme and mRNA levels of M.eduUs, and 
briefly on the mRNA for a putative SeGPX, as products from P450 metabolism 
may increase the concentrations of reactive oxygen species (ROS) in the cell, 
leading to oxidative stress.
Using Kehrer's definition of oxidative stress (1993) as "a disturbance in the 
pro-oxidant/antioxidant balance in favour of the former, leading to potential 
damage", study of the antioxidant enzymes of marine invertebrates both under 
circumstances of natural and enhanced oxidative stress is of interest, not only 
to show how marine invertebrates respond to stress, induced by ROS, but to 
explore how the response is related to expression of the SeGPX gene and how 
regulation of that expression is controlled in marine invertebrates, and chiefly in 
Mytilus species.
1.2 PRO-OXIDANT AND ANTIOXIDANT PROCESSES IN 
BIOLOGICAL SYSTEMS
1.2.1 Pro-oxidant sources of reactive oxygen species (ROS)
In any organism, the usual fate of molecular oxygen is tetravalent reduction to 
water coupled to the oxidation of food and the generation of energy. However, 
the stepwise reduction of molecular oxygen (O2) and secondary reactions with 
protons, transition metals, hydrated electrons and free radicals, can lead to the 
formation of potentially deleterious ROS, also known as oxyradicals (Cadenas 
1989). Univalent reduction of O2 produces the superoxide anion radical, (O2"). 
which may spontaneously dismutate to hydrogen peroxide (H2O2), via the 
following reaction.
2O2 + 2H"^  —> H2O2 +O2 (1)
Hydrogen peroxide can serve as the precursor of the potent oxidant the 
hydroxyl radical, -OH via the Haber -Weiss reaction
O2 + H2O2 —^  O2 + "OH + OH" (2)
This reaction is thermodynamically favourable but kinetically slow, and 
transition metals such as iron are required for significant OH production, via the 
equations
Fe(lll) + O2 —> Fe(ll) + O2 (3)
Fe(ll) + H2O2 —>Fe(lll) + OH + OH" (4)
The net result of this redox cycling of the iron catalyst, the sum of the two 
equations 3 and 4, is the Haber- Weiss reaction, equation 2. Other free radical 
interactions involving transition metals to generate ROS are also possible 
(Cadenas 1989)
ROS are continually produced in biological systems, their sources including: 
-radiolysis and photosensitisation of pigments (direct energy transfer resulting 
in radical production),
-chemical redox reactions, often involving transition metals (chiefly studied are 
iron and copper, involved in the Haber-Weiss reaction), and small molecules 
(thiols, flavins, catecholamines)
-oxido-reducing enzymes (enzymes such as xanthine oxidase, D-amino acid 
oxidase, dopamine-B-hydroxylase),
-subcellular organelles (mitochondria, catalysed by NADH-dependent 
coenzyme Q and related enzymes; endoplasmic reticulum, catalysed by 
enzymes of the mixed function oxygenase (MFO) system),
-stimulated phagocytic cells (oxidative burst catalysed by NADPH-oxidase), 
-exposure to natural and pollutant xenobiotics (e.g. quinone redox cycling by 
flavoprotein reductases).
(Byczkowski and Gessner 1988, Kehrer 1993).
Potential sources of natural and xenobiotic-stimulated ROS generation 
include production of O2" by cytochrome P450 and other microsomal enzymes 
(Ortiz de Montellano 1986, Premeurer et al 1986) and redox cycling of 
xenobiotics, catalysed by enzymes such as cytochrome P450 reductase 
(Kappus and Sies 1981, Kappus 1986). ROS production by cytochrome P450 
and its reductase represent undesirable side-reactions, their endogenous 
function being to catalyse the oxidative metabolism of xenobiotics. In a redox
cycle, the xenobiotic (quinone, aromatic nitro or amine compound) is reduced 
by the reductase in a one-electron step to a reactive anion radical, which in turn 
is able to reduce O2 to O2" , causing a cycle of O2" production at the expense of
cellular reducing equivalents, notably NADH and NADPH. The effects are 
therefore deleterious on two counts, the production of potentially damaging 
molecules and the consumption of vital biomolecules.
1.2.2 Antioxidant enzyme and other protection against ROS
The extent of biological damage caused by ROS generation is largely 
dependant on the antioxidant defences. Significant biological damage is 
thought only to occur when the antioxidant defences are overwhelmed by ROS 
and other pro-oxidant processes (DiGuiseppi and Fridovich 1984, Michiels and 
Remade 1988, Halliwell and Aruoma 1991). The antioxidant defences include 
a number of specific protective enzymes, for example, superoxide dismutase 
(see below) acts by converting the superoxide ion, O2" into H2O2.
This H2O2 produced is itself capable of causing cell damage and so must be 
further metabolised in order to detoxify it. Two enzymes are present to carry out 
this function, namely catalase and SeGPX. Catalase either uses H2O2 to 
detoxify other compounds such as phenols, or directly converts the H2O2 to 
water and oxygen. GPX also acts on H2O2, reducing it via oxidation of two 
molecules of reduced glutathione (GSH), producing water and oxidised 
glutathione (GSSG). The reactions catalysed by the major antioxidant 
enzymes are as follows:
Superoxide dismutase (SOD; EG 1.15.1.1.) which reduces O2" via 
2 02 + 2H^ —> H2O2 + O2 ;
Catalase(EC 1.11.1.6.) which reduces H2O2 via 
2 H 2 O 2  — >  2 H 2 O  +  O 2 ;
Glutathione peroxidase (GPX, EC 1.11.1.9) which reduces peroxides via;
2GSH + ROOM > GSSG + ROM + HgO,
where GSH is reduced glutathione, GSSG is oxidised glutathione, ROOH is 
the peroxide and ROH is the corresponding alcohol (or H2O in the case of 
H 2 O 2 )-
Also critical to the functioning of SeGPX is the enzyme glutathione reductase 
(EC 1.6.4.2) which maintains a supply of GSH at the expense of NADPH.
Other antioxidant enzymes also exist which specifically function in relation to 
xenobiotic-stimulated ROS production. Of particular importance is DT- 
diaphorase (NAD(P)H-quinone oxidoreductase; EC 1.6.99.2), which is 
proposed to prevent the redox cycling of quinones (and resultant O2" 
generation) by catalysing their two electron reduction to the less reactive, non­
cycling hydroquinones (Lind etal 1982)
NAD(P)H + H+ + Q -> NAD(P)+ + QH2 
where Q and QH2 are the quinone and hydroquinone respectively
In addition to these specialised antioxidant enzymes, low molecular weight 
free radical scavengers are also present in biological systems, which detoxify 
both ROS and organic radicals (Livingstone, 1991a). These include water- 
soluble, cytosolic scavengers such as vitamin C (ascorbic acid), GSH, other 
thiols and purine bases, and lipid-soluble, membrane-bound scavengers such 
as vitamin A (retinol), vitamin E (a-tocopherol), carotenes and ubiquinones 
(Sies 1985).
1.2.3 Distribution of antioxidant enzymes in animals.
Many of the antioxidant enzymes are inducable, exist in multiple forms and 
have complementary subcellular localisations (Halliwell and Gutteridge 1986). 
Study of theses enzymes has been extensively carried out and tissue
localisation in vertebrate systems has been characterised. In 1979 a wide- 
ranging phylogénie study by Smith and Shrift found SeGPX activity in tissues of 
all vertebrates tested and in most invertebrates, although not in the housefly 
(Musca domestica ) or earthworm (Lumbricus terrestris ).
The study by Tappel and co-workers (1982) detected SeGPX, and total GPX 
activities in the liver and other tissues of four mammals, including rat, where 
they found SeGPX activity correlated with reported values for cytosolic SOD 
activity, and strong correlation between tissue type and total GPX activity in all 
animals studied. Work by Pérez-Campo et al (1993) investigated the 
distribution of Se-GPX, total GPX, catalase, SOD, glutathione reductase and 
also cytochrome oxidase activity in guinea-pigs, rat, mice, toad, trout, canary 
and pigeon, showing differences in their distribution in tissues of major organs. 
SOD was chiefly found in the liver of higher vertebrates but was found to be 
more prominent in the brain of fish and toad than other tissues. Glutathione- 
related enzymes were variably distributed in the tissues of most vertebrates, but 
were found in similar ratios between tissues (heart, liver, lung, kidneys) for each 
species. Catalase was consistently found in greatest quantity in the liver and 
showed little activity in the other tissues.
Generally, the distribution of the antioxidant enzymes is strictly functionally 
related, the distribution of enzyme levels often being correlated with the 
potential for ROS generation. The general distribution of the enzymes in 
vertebrates is therefore chiefly in respiratory tissues, (lung, heart, blood), 
digestive tissues (liver, kidneys), with certain enzymes being deployed 
specifically in certain tissues, (SeGPX in blood, catalase in liver etc.). This 
distribution was also investigated by Godin and Garnett (1992), who showed 
that while function was a governing factor, individual distribution of enzymes 
was co-ordinated by factors other than functional coupling, especially where
subcellular localisation differed e.g. in the case of SeGPX and catalase in 
erythrocytes, where SeGPX was found in large quantities but catalase was low 
in quantity. Additionally, glutathione reductase activity was generally found to 
correlate to catalase activity (Godin and Garnett 1992), which is thought to 
protect NADPH, which is vital for glutathione reductase activity and therefore 
GSH production.
A similar pattern is evident in fish (Winston and DiGiulio 1991, Lemaire and 
Livingstone 1993) and marine invertebrates (section 1.4.2). For example, high 
antioxidant enzyme activities were found in the liver of cod {Gadus morhua), 
with SOD activity implicated as the major protectant in the gas gland, a 
specialised tissue subject to very high oxygen tension (Lemaire etal 1993).
ROS are produced in all subcellular compartments of cells. The different 
physico-chemical properties and reactivities of ROS, with polyunsaturated lipid 
and other organic compounds, result in a spreading web of oxidant species 
(Borg and Schaich 1984, Halliwell and Gutteridge 1986). Hence there is a 
need for antioxidant protection in all subcellular compartments. Thus, 
catalases, SODs and peroxidases often have complementary localisations in 
the cell, with catalase in peroxisomes removing H2O2 generated by various 
oxidases, SODs in mitochondria and cytosol removing O2", and GPXs in the 
cytosol removing H2O2 and other hydroperoxides (Fridovich 1976). Other 
subcellular localisations of these enzymes are also seen, such as SeGPX in 
microsomes (Ursini and Bindoli 1987), and catalase in mitochondria (Fridovich 
1976).
1.2.4 Oxidative damage by ROS
When pro-oxidant generation of ROS and other oxidants exceeds removal 
and detoxication by antioxidant defences, then oxidative biological damage is
thought to result. The toxic effects of ROS are many and varied. They include 
peroxidation of polyunsaturated lipids, giving rise to aldehydes and other 
reactive species, nucleic acid damage giving rise to bound and free oxidised 
bases such as 8-hydroxydeoxyguanosine, and oxidation of amino acids in 
proteins resulting in enzyme inactivation and protein degradation (Borg and 
Schaich 1984, Halliwell and Arumoa 1991). Effects on ATP-generating 
processes can also occur (Marx 1987). Such extensive ROS production and 
oxidative damage is thought to be linked to many disease processes, including 
carcinogenesis (Vuillaume 1987, Kehrer 1993).
1.3 GLUTATHIONE PEROXIDASE - ENZYMOLOGY, FUNCTION AND 
GENE REGULATION
The selenoprotein glutathione peroxidase, is a planar molecule consisting of 
four identical subunits each of 23 KDa. The activity was originally discovered in 
1957 by Mills, but it was not accepted as a true enzyme until the mid 1960’s, 
when it was isolated and characterised (Pirie 1965). In the early 1970's the 
association of the element selenium with GPX was established by Flohé et al 
(1972), showing that each of the four subunits of the GPX protein had 
associated with it one atom of selenium. The subunits were determined to be 
four identical 198 amino acid residues, the selenium bound as selenocysteine 
being located at residue 45.
As stated above, the enzyme acts by oxidising reduced glutathione using 
H2O2, the oxidised glutathione being recycled by glutathione reductase, the 
peroxide being reduced to water. GPX will also use other more complex 
hydroperoxides as substrates, including cumene hydroperoxide and tertiary- 
butyl hydroperoxide. This catalytic activity is also a feature of the enzyme
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glutathione S-transferase, however only SeGPX is capable of using H2O2 as a 
substrate.
1.3.1 Biological distribution of SeGPX and related enzymes
SeGPX is found throughout the animal kingdom, but appears to be absent 
from any of the higher plants studied (Smith and Shrift, 1979). Though present 
in some insects, the functions of GPX appear to be largely carried out by 
cytosolic catalase and glutathione transferase (Ahmad et al 1989). This low 
occurrence of GPX may be due to the lack of selenium in the diet of many 
insects.
The selenium content of this important antioxidant enzyme means that 
deficiencies of selenium in the diet may lead to severe cell damage and have 
strongly detrimental effects on animals not otherwise adapted to low selenium 
intake. Several studies have been carried out, both with laboratory animals and 
humans, indicating that low selenium levels are detrimental to the well-being of 
the animal. GPX is the major antioxidant defence enzyme in mammalian red 
blood cells, also being found in the lung, the heart, the liver and kidneys 
(Tappel 1982).
1.3.2 SeGPX Enzymoiogy
Analysis of the four protein subunits of GPX has shown that each subunit is 
identical, each containing one covalently bound atom of selenium at amino 
acid position number 47 (Gunzler e ta l 1984). Amino acid sequence around 
the active site, i.e. the site of selenium incorporation, is greatly conserved 
throughout the animal kingdom.
One of the major problems in understanding the nature of GPX, was 
determining the method of incorporating the selenium atom into the molecule.
In order to clarify the method of incorporation, use has been made of the 
powerful techniques of molecular biology. The selenium in all known GPX- 
related enzymes is in the form of the unusual amino acid selenocysteine (Flohé 
1976), and the source of this Se is probably dietary (review - Flohé 1984).
Reports of the presence of a selenium atom in each subunit of the GPX 
molecule lead to interest in the method by which the atom was incorporated 
into the enzyme. As the selenium atom was shown to be part of a seleno­
cysteine amino acid residue, early studies favoured a post-translational 
modification of cysteine to seleno-cysteine.
However, studies by Sunde and Evenson (1987) found that serine was the 
only possible precursor for seleno-cysteine. Radiolabelled 14Q cysteine was 
used in isolated rat liver perfusion experiments, and the radiolabelled content 
of the subsequent SeGPX molecules determined. All of the cysteine 
incorporation was detected as radiolabelled cysteine, with none of the 
selenocysteine being radiolabelled. When the rat liver was perfused with 
serine however, serine, glycine and selenocysteine were all detected as being 
radiolabelled in the subsequent SeGPX molecules. [3-3H] Serine was then 
shown to label only serine and selenocysteine, demonstrating that the only 
possible precursor for selenocysteine was serine.
1.3.3 Other selenoproteins
Selenium incorporation is not a factor unique to GPX and in recent years, 
several other Se containing proteins have been discovered, chiefly in 
mammals.
Related forms of GPX make up the most easily identifiable group of proteins. 
Plasma GPX appears to be a glycosylated (thereby labelled for transport into 
the plasma space) form of the traditional SeGPX enzyme, was first identified in
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enzyme form byTakahashi et al (1987). Since this discovery, human, rat and 
bovine genes have been identified which code for plasma GPX molecules ( 
Martin-Afonso 1998).
Phospholipid hydroperoxide glutathione peroxidase (PHGPX) was first 
identified as a SeGPX related protein by Ursini at a! (1985), who showed it to 
be a monomeric, single Se atom containing protein, of 23 KDa, found in pig 
heart- Whilst the classic form of SeGPX showed greater reduction rates with 
H2O2 as a substrate, the ability of this new protein to reduce phospholipid 
hydroperoxides was faster, despite high amino acid ratio similarities.
Gastro-intestinal GPX (GSHPx-Gl) was first reported by Ghu at a! (1993). 
Expression was found in normal human liver, colon and breast, and also in rat 
and mouse, exclusively in the gastro-intestinal tract, possibly indicating a 
specific role in detoxication of ingested lipid hydroperoxides.
An interesting, yet unrelated member of the selenoenzyme group, is type 1 5' 
iodothyronine iodinase (5'ID) discovered by Berry at a! (1991) in rat and found 
to contain a single selenocysteine moiety. This was coded for by the UGA 
codon at nucleotide position 382 (codon 126), as was the human homologue 
(Mandel at a! 1992), the selenium being part of the active site and therefore 
crucial to the function of the enzyme. The enzyme acts by converting thyroid 
hormone T4 to the active form T3 and is therefore essential to thyroid function in 
mammals.
Mitochondrial capsule selenoprotein (MGS) was detected first in bull sperm 
mitochondria by Pallini at a! (1979) and was confirmed as a 143 amino acid 
protein in mouse sperm capsule by Kleene at a! in 1990.
Selenoprotiein W was discovered in rat muscle in 1993 by Vendeland and co­
workers. Selenium in the protein was in the form of selenocysteine, but the 
protein sequence was not related to that of any GPX. Further to this, little
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information on the structure and function of this protein was revealed. Similar 
levels of information were discovered regarding selenoprotein P, which is a 
plasma protein, again known to contain selenocysteine, but with no further 
similarity to SeGPX. The gene sequence has been isolated from rat liver (Hill 
eta l 1991) and human liver and heart (Hill etal 1993).
In the bacterium methanococcus voltae another selenium protein [NiPe] 
hydrogenase was reported by Sorgenfrei (1993). In prokaryotes however, the 
most thoroughly researched selenoprotein is formate dehydrogenase, a 
bacterial enzyme found in strains of E.coli and N.crassa. This enzyme is 
responsible for the metabolism of formate, and is inducable in three forms. In 
all cases the single selenium moiety is in the form of selenocysteine, coded for 
by the UGA codon (Zinoni et al 1986).
1.3.4 Effects of selenium deficiency
In geographical areas where selenium levels are naturally low, several 
diseases of the cardiovascular system are common, mostly due to increased 
osmofragility of the erythrocytes, (Diplock 1991,1993). Diseases such as 
Keshan disease and Kashin-Beck disease are often reversible upon addition of 
selenium to the diet, the levels of selenium being closely correlated to those in 
the erythrocytes. Linkage of the disease, its relative effect on the sufferer and 
the SeGPX activity in the erythrocytes, showed not only that Se was vital to the 
normal health of humans but also that Se addition to the diet was capable of 
reversing the symptoms of Keshan disease in areas of low soil Se in China (Ge 
and Yang 1993). Studies in rats (Behne 1990) showed that when low selenium 
levels were restored to normal, the selenium was taken up preferentially by 
proteins (thirteen in total) other than SeGPX. Although the selenium
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incorporated into GPX was of a greater amount than in any other protein, this 
accounted for a relatively small amount of Se taken into the diet. It is possible 
that in times of low Se, the natural response is to channel all available Se into 
SeGPX.
In contrast, it was shown by Valimaki et al (1987), that in cases of hepatic 
disorders. Se levels both in blood and liver were found to fall significantly, 
possibly leading to increased liver damage via falling SeGPX levels. It was 
further hypothesised that alcoholism may lead to reduced Se intake, resulting 
in a cyclical increase of liver damage and Se depletion.
The importance of GPX as an antioxidant defence enzyme has led to its 
possible use as a treatment for cancer. Tumour cells deprived of selenium in 
their diet have been shown to preferentially suffer from the effects of lipid 
peroxidation. It is thought that such a treatment may affect cells with a high 
metabolic rate and O2 consumption, such as tumour cells, without affecting the 
integrity of normal cells in the body (Thomas and Girotti 1989 ).
1.3.5 Gene regulation and control of SeGPX expression
The effects of certain anti-cancer drugs have been shown to be inhibited by 
the action of SeGPX and glutathione related metabolism. Anti-cancer drugs 
such as adriomycin, produce part of their toxic effect by relying on the high 
metabolic rate in most cancer cells, by selectively increasing free radical 
production. However, it has been observed that many cancer cells employ the 
enzymes of the glutathione system by induction of SeGPX, glutathione s- 
transferase and glutathione reductase (Akman et al 1990), to detoxify not only 
the chemical, but also the products of free radical generation, thereby reducing 
the toxic effect of the drug. Experiments showed that increased SeGPX lead to 
an increased resistance to adriomycin (Vamecq et al 1993).
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The effect of elevated oxidative stress on SeGPX levels in Down's syndrome 
patients has been studied (Antilla 1989). The q arm of chromosome 21 contains 
the gene for Cu/Zn SOD, the net effect of trisomy 21 being abnormally high 
levels of this enzyme, producing high levels of H2O2. As a response to this 
production of peroxide, both SeGPX and glutathione S-transferase are 
induced. However it is thought that the induction response is not great enough 
to cope with the peroxide levels involved. Hence levels of H2O2 cause cellular 
damage in sufferers, resulting in premature ageing and death.
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1.3.6 SeGPX gene structure
In 1986, Chambers et a/, isolated the mouse SeGPX gene and analysed the 
resultant mRNA molecule, the results indicating that the GPX gene in mouse 
fibroblasts contained a "stop" codon, TGA (UGA in mRNA) at the site where the 
seleno-cysteine should be incorporated. As the previous studies had all 
expected incorporation of selenocysteine to be a post-translational event, it was 
assumed that the relevant codon required was a serine codon (UCX, where X 
is any base, AGU, or AGO), leading to incorporation of serine, followed by 
modification to selenocysteine. However, this new this new information led to 
the revolutionary conclusion that this stop codon could encode an unusual, 
twenty-first amino acid (selenocysteine), requiring its own transfer-RNA (tRNA) 
to allow translation of the SeGPX mRNA into protein to occur.
The bacterial enzyme formate dehydrogenase '(FDH), responsible for the 
metabolism of formate in bacteria such as E.coii (Zinoni et a/ 1986) 
Psuedomonas sp. and the fungus N.crassa (Ming-Chow and RajBhandary 
1993), has one selenocysteine, incorporated at position 140 in the amino acid 
chain. The incorporation of this selenocysteine was as much of interest as the 
eukaryotic SeGPX gene, as study of one may explain the method of 
incorporation in the other.
In , Study of the gene sequences then available, (Zinoni eta l 1990) led to the 
conclusion that possible stem loop structure formation, between the nucleotides 
of the FDH mRNA molecule, of which the UGA codon came at the very foot, 
could in some way shield the unusual codon from detection by chain 
termination factors long enough for SeCys incorporation to occur. Destruction 
of this secondary sequence motif by deletion mutation (Zinoni et al 1990), 
showed that it was indeed required for SeCys incorporation and furthermore, 
that insertion of this sequence downstream of artificially inserted UGA codons
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resulted in SeCys incorporation.
In 1988 Leinfelder et al identified four genes in E.coli, essential for the 
incorporation of SeCys. Two of these genes, A and B were found to code for 
protein molecules, however the third gene se/C, was found to code for an 
unusual tRNA molecule, tRNA^ec^ which had an anticodon to the UGA 
sequence and was found to be amino-acylated with serine. Analysis of SELB 
protein by Forchammer et al 1990 detected similarity of SELB with known 
protein elongation factors such as Ef-Tu (both use GTP as cofactor), and found 
that it coprecipitated with ribosomes. It therefore appears that SELB binds the 
charged tRNA in the presence of GTP and becomes conformationally changed, 
in order to recognise the sequence at the top of the mRNA loop, so that whilst 
the UGA codon is shielded from termination factors, the correct selenocysteine 
charged tRNA is already in place to proffer the selenocysteine for incorporation 
into the protein chain.
The two other genes, selA and selD, have been shown to encode two 
proteins responsible for the conversion of Sery l-tR N A sec to the seleno-cysteine 
form. Evidence for the cotranslational incorporation of Se into GPX was found 
by Reddy (1988), who characterised the rat SeGPX gene, showing it to have 
95% and 86% homology with the mouse and human genes respectively.
Se deficiency in rats was shown to affect the levels of GPX protein produced 
and increase the levels of mRNA in the cells, supporting the cotranslational 
method of incorporation and indicating that transcriptional control of GPX 
production was possible (Li 1990). Studies of the upstream (5') region of the 
human SeGPX gene have identified two protein-binding sequences of 29 and 
7 bases length, which upregulated transcription in cultured cells with increased 
oxygen levels. These two sequences (called OR11 and 0R12), were the first 
evidence that SeGPX expression could be directly controlled by sequence
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specific motifs.
Work by Berry et al (1991,1993) and Shen et al (1993), has shown the 
presence of regions in the 3' untranslated region of the human SeGPX, 5'DI 
and rat selenoprotein P which are necessary for the incorporation of SeCys into 
the relevent proteins. As yet, no genes and no other translation factors or 
enzymes in eukaryotes with similarity to the products of the Sel genes have 
been found with the exception of a tRNAsec homologue, confirmed by Lee et a! 
(1989), although differences, including primary sequence deviation, were 
detected between the eukaryote and prokaryote forms.
1.3.7 SeGPX genes and related sequences in higher animals.
In addition to the mouse SeGPX gene (Chambers et al 1986), bovine, rat 
(Yoshimura et al 1988) and guinea pig SeGPX gene have also been 
characterised. In humans, the GPX gene was originally located to three 
different sites on different chromosomes, (3, 21 and X) by Chada et al (1990). 
Comparison of homology and in situ hybridisation showed the location of the 
gene to be at position q,1,2 on chromosome 3.
In lower animals, although the evidence of SeGPX antioxidant activity is 
widespread ( e.g. Livingstone et al 1992, Lesser and Stochas 1990, Viarengo 
ef a /1990), there is little molecular biology to support this evidence. An SeGPX 
gene has been reported for the parasitic worm S.mansoni (Roche et al 1994) 
and Goldfarb et al reported the presence of GPX mRNA transcripts in the 
digestive gland of M. edulis in 1989, but other than this there is no information 
on the SeGPX gene in marine animals. Therefore, M.eduHs, due to its probable 
use of a SeGPX enzyme and proven induction of related enzymes (Gillewicz et 
al 1984), plus three other marine invertebrates, were chosen for study.
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1.4 PRO-OXIDANT AND ANTIOXIDANT PROCESSES IN MARINE 
INVERTEBRATES
1.4.1 Generation of ROS in marine invertebrates.
ROS generation is indicated to a general phenomenon in marine 
invertebrates (Shick and Dykens 1985, Di Giulio e ta l 1989, Livingstone et al 
1990a, Winston 1991, Winston and Di Giulio 1991, Lem ai re and Livingstone 
1993). Endogenous (i.e. basal) NAD(P)H-dependent production of ROS has 
been demonstrated in subceilular fractions of digestive gland of M. edulis 
(Livingstone e ta l 1989a, Winston e ta l 1990), the ribbed mussel Geukensia 
demissa, wedge clam Rangia cuneata (Wenning and Di Giulio 1988a, b, 
Wenning et al 1988) and the hepatopancreas of the red swamp crayfish 
Procambarus c/ar/c/7 (Jewell and Winston 1988, 1989). ROS production may 
also serve useful functions in certain cell types (Barja 1993), such as in 
phagocytic blood cells employed in destruction of invading pathogens, as is 
seen for blood cells of M. edulis (Pipe eta l 1992).
The potential exists for basal ROS generation to be increased by a variety of 
environmental conditions. These include hypoxia and hyperoxia (Jones et al 
1989, Tribble and Jones 1990), recovery from anoxia (Dykens and Shick 1988, 
De G root and Littauer 1989), sulphidic environments (Morrill et al 1988), the 
intake of pro-oxidant chemicals in food (Lesser and Stochaz 1990, Pritsos et al
1990), and exposure to pro-oxidant pollutants (Livingstone et al 1990b). 
Hyperoxia can increase ROS production by the presence of high O2 
concentrations, as is indicated in the gas gland of various fish species, 
necessitating the presence of high SOD activities (Lemaire et al 1993). 
Hypoxia and recovery from anoxia have the potential to increase ROS 
production through the presence of increased levels of reducing equivalents.
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plus respectively the presence of O2 , or a sudden increase in O2 levels. Both 
these conditions are regularly experienced by euryoxic bivalve molluscs such 
as M.edulis (De Zwaan 1983, De Zwaan and Mathieu 1992). Little is known of 
the intake of pro-oxidant natural xenobiotics in the diet of marine invertebrates 
but, for example, polybromomethanes and alkylhalides, which may be capable 
of free radical interactions yielding ROS (Slater 1978), are present in seaweeds 
(Gschwend efa/ 1985).
In contrast to dietary xenobiotics, a number of studies have been carried out 
on subceilular fractions of the digestive gland of M.edulis, demonstrating the 
ability of a range of model and pollutant xenobiotics to stimulate both NADH- 
and NADPH-dependent ROS generation (Table 1.1). Some of these redox 
cycling compounds are also produced by biotransformation of pollutants such 
as polynuclear aromatic hydrocarbons (PAHs), such as the metabolism of 
benzo(a)pyrene to redox cycling quinones which has been observed both in 
v/tro (Michel et al 1992, Lemaire et al 1993) and in vivo (Michel 1993) in 
digestive gland of M. edulis, in vitro in hepatopancreas of the shore crab, 
Carcinus maenas (Lemaire et al 1993), and in vitro (Den Besten e ta l 1992) 
and in vivo (Den Besten et al 1993) in pyloric caeca of the starfish Asterias 
rubens. Given that quinones and related compounds are also widespread 
natural compounds in biological systems (O'Brien 1991), the results also 
indicate a potential for dietary quinone-stimulated ROS production. Evidence 
for natural and pollutant xenobiotic-stimulated ROS production is also seen 
from the effects on antioxidant enzymes (section 1.4.2) and presence of 
oxidative damage (section 1.4.3) in marine invertebrates.
Little is known of the enzymes involved in catalysing basal or xenobiotic- 
stimulated ROS production in marine invertebrates. However, they are likely to 
include cytochrome P450s (production of O2" and/or H2O2) and flavoprotein
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reductases such as NADPH-cytochrome P450 reductase and NADH- 
cytochrome reductase (redox cycling of xenobiotics), all of which are
indicated or known to present in marine invertebrates (Livingstone 1991a). 
Redox cycling of 2-methyl-1-4-naphthoquinone (menadione) is indicated to be 
catalysed by cytochrome P450 reductase in hepatic microsomes of flounder 
(Platichthys flesus ) (Lemaire and Livingstone 1994), whereas DT-diaphorase 
was indicated to have a role in the stimulation of ROS production by 4- 
nitroquinoline N-oxide in digestive gland cytosol of M. edulis (Garcia Martinez 
et al 1992). Increases in the levels of total cytochrome P450 and/or NADPH- 
cytochrome P450 and other reductase activities with exposure to pollutants 
have been observed in Mytilus sp. (Livingstone 1988, 1991a, Michel et al 
1993) and other marine invertebrates (Livingstone 1991a), which could 
therefore have implications for enhanced ROS generation.
The extent to which marine invertebrates tolerate and survive such conditions 
may depend upon the effectiveness of the antioxidant defences. Such 
defences may be more pronounced for those organisms regularly experiencing 
oxidative stress. For example, they may be greater in euryoxic intertidal 
bivalves, such as M.edulis, which regularly experience rapid changing oxygen 
tension, than in stenoxic species, such as the subtidal scallop Pecten maximus 
and starfish A.rubens. The production of ROS, and/or resulting oxidative 
damage to the organisms, is also indicated to vary with factors such as 
seasonality and/or reproductive status, and age. Increased lipid peroxidation, 
indicative of increased ROS production or decreased ROS removal, has been 
observed in digestive gland of M. edulis with season (Viarengo e ta l 1991a) 
and increasing animal size and age (Viarengo etal 1991b).
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Table 1.1 Organic xenobiotic-stimulated ROS (O2 ", H2 O2 , -OH) production by
subceilular fractions of digestive gland of bivalve molluscs
Species Subceilular
fraction
Xenobiotic Reference
Common mussel microsomes 
(Mytilus edulis)
microsomes
microsomes
menadione s
BaP diones b
nitrofurantoin c
Livingstone et al 
(1989a) 
Garcia Martinez & 
Livingstone(1994) 
Garcia Martinez 
e fa /(1989)
microsomes,
cytosol
4-nitroquinoline Garcia Martinez
/V-oxide e fa /(1992)
Ribbed mussel 
(Geukensia 
demissa)
microsomes
microsomes
nitrofurantoin c
paraquat b
Wenning & 
DiGiulio (1988a) 
Wenning & Di 
Giulio (1988b)
Wedge clam microsomes
(Rangia cuneata)
paraquat b Wenning & Di 
Giulio (1988b)
^ 2-methyl.-1,4-naphthoquinone, b 1 ,6-, 3,6 and 6,12-benzo(a)pyrene 
quinones, c /V-(5-nitro-2-furfurylidene)-1-aminohydantoin, b i,T-dimethyl-4,4'- 
bipyridinium dichloride.
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1.4.2 Antioxidant defences in marine invertebrates
Although antioxidant enzymes are indicated to be widespread in aquatic 
organisms (Winston and Di Giulio 1991, Lemaire and Livingstone 1993), there 
is, with the exception of bivalve molluscs, relatively little detailed information on 
activities in marine invertebrates. The major antioxidant enzymes (SOD, 
catalase, SeGPX), plus related enzymes (glutathione reductase), are present in 
molluscs (Table 1.2). Also, catalase is indicated in several crustacean species, 
including the crab Hemigrapsus sanguineus (Yokota 1970) and others (Powell 
et al 1989), but nothing is known in echinoderms (Livingstone 1991a). The 
enzyme DT-diaphorase is also indicated in both microsomes and cytosol of 
digestive gland of M. edulis (Livingstone etal 1989a).
Despite the complimentary functions of the antioxidant defence enzymes, 
their role and relative importance in the different major phylogenetic groups, or 
animals with different lifestyles, is indicated to vary (Dykens and Shick 1988). 
For example, whereas SeGPX appears to play a central role in certain 
mammalian tissues, (Micheals and Remade 1988, Simmons and Jamall 1988), 
catalase is thought to be more important in some insects (Ahmad et al 1988) 
and amphibia (Barja de Quiroga et al 1989). The subceilular presence of 
catalase, SOD and GPX in the digestive gland of the mussel was demonstrated 
by Livingstone et al in 1982. Catalase was shown to be located in the 
peroxisomes, whereas SOD and SeGPX were mainly cytosolic, as in 
mammalian cells. Two forms of SOD were indicated: the Mn-form 
(mitochondrial) and the Gu/Zn-form (cytosolic).
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Table 1.2 Antioxidant enzymes in bivalve molluscs
Species Tissue Enzymes Reference
Calyptogena
magnifica
Mercenaria
mercenaria
gills
gills
SOD, GPX
SOD, catalase 
GPX
Blum & Fridovich 
(1984)
Blum & Fridovich 
(1984)
Tridacna maxima siphon SOD, catalase Shick & Dykens 
(1985)
Geukensia
demissa
digestive gland SOD, catalase Wenning &
Di Giulio (1988a)
Rangia cuneata digestive gland SOD, catalase Wenning &
Di Giulio (1988a)
Mytilus edulis digestive gland SOD, catalase Winston et al 
SeGPX, GPX, GR (1990)
Mytilus edulis digestive gland GR Ramos-Martinez 
eta l (1983)
mantle GR Ramos-Martinez 
&Torres 1985a,b)
s SeGPX (H2O2 as substrate), GPX (cumene hydroperoxide or t- 
butylhydroperoxide as substrate), GR (glutathione reductase)
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Antioxidant enzyme activities in marine invertebrates have been observed to 
change in relation to both endogenous factors, such as seasonality and age, 
and exogenous factors such as exposure to pollution. Thus, SOD, catalase 
and SeGPX activities in digestive gland of M. edulis varied seasonally, 
reaching highest levels in summer when food is abundant, and declining in 
winter and early spring with gametogenesis and eventual spawning (Viarengo 
eta l 1991a). Antioxidant enzyme activities in digestive gland of M. edulis also 
decreased with animal size/age (Viarengo etal 1991b) and in both this and the 
seasonal study, lower enzyme activities coincided with increased levels of lipid 
peroxidation, indicating the importance of antioxidant defences. Catalase and 
SOD activities were increased transiently about 2-fold in digestive gland of the 
ribbed mussel, Geukensia demissa exposed to paraquat (Wenning eta l 1988) 
and similar slight, transient responses have been indicated in digestive gland 
of M.eduHs exposed to menadione and benzo(a)pyrene (Livingstone et al 
1990b). Elevated SOD and catalase activities have also been seen in 
digestive gland of M.edulis from polluted compared to clean sites (Porte et al
1991).
As with higher organisms, antioxidant enzymes are complemented in the 
tissues by other antioxidant defences, principally low molecular weight 
scavengers. GSH, vitamins A, E and C and carotenoids, such as p-carotene, 
are widely distributed in the tissues of molluscs, and also found in crustaceans 
and echinoderms (Livingstone 1991a). Perturbations of the levels of these 
scavengers are likewise seen with seasonality (Viarengo et al 1991a), age 
(Viarengo et al 1991b) and exposure to pollution, e.g. GSH levels in digestive 
gland increased in G. dem/ssaexposed to paraquat (Wenning etal 1988), and 
decreased in M. edulism\h exposure to copper (Viarengo eta l 1988).
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1.4.3 Oxidative damage by ROS in marine invertebrates
Further evidence for the generation of ROS and other oxidants in vivo in 
tissues of marine invertebrates is provided by the presence of oxidative 
damage to biomolecules. Lipid peroxides (including reactive aldehydes such 
as 4-hydroxyalkenals) (Viarengo et al 1988b), lipofuschin (oxidised 
lipoproteins) (Moore 1988), oxidised protein (carbonyl group formation) (Kirchin 
et al 1992) and oxidised DNA (8-hydroxydeoxyguanosine) (Marsh et al 1993) 
are present in digestive gland of M. edulis. Less is known of other marine 
invertebrate groups, but lipofuschin has been observed in the spider crab, Hyas 
araneus, and lipid peroxidation in echinoderms (Livingstone 1991a). Increases 
in levels of oxidative damage has also been observed in some cases with 
exposure to pollutants, indicating pollutant-enhanced ROS production, e.g. 
increased lipid peroxidation in digestive gland of G. demissa exposed to 
paraquat (Wenning eta l 1988) and of M. edulis exposed to copper (Viarengo 
eta l 1988a).
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1.4.4 SeGPX in marine invertebrates - current knowledge
The presence of SeGPX activity (i.e. H2O2 as substrate) has been 
demonstrated in sessile bivalve molluscs (Table 1.2), but nothing is known of its 
existence in free swimming bivalves, crustaceans and echinoderms. The 
physico-chemical and kinetic characteristics of SeGPX, total GPX, SOD and 
catalase activities have been determined for digestive gland of M.eduHs 
(Livingstone et al 1992). Hybridization studies, using the gene probe for human 
SeGPX, also indicated the existence of mRNA transcripts for SeGPX in 
digestive gland of M.eduHs (Goldfarb et al 1989). In a survey of antioxidant 
enzyme activities in the animal kingdom, whereas catalase activities were 
found to be generally similar in vertebrates and invertebrates, SOD and GPX 
activities were, respectively, one and one to two orders of magnitude lower in 
invertebrates (Table 1.3), possibly indicating a decreasing role for SeGPX in 
lower organisms. Similarly, it was shown theoretically for digestive gland of M. 
edulis that, on a whole tissue basis, catalase would always out-compete 
SeGPX for H2O2, even at low concentrations of substrate (Livingstone et al 
1992). However, in contrast, cytochemical and subceilular fractionation studies 
demonstrated different subceilular localizations for catalase (peroxisomal) and 
SeGPX (cytosolic) activities in digestive gland of M. edulis (Livingstone et al 
1992), indicating different but complementary roles for the two enzymes.
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Table 1.3 Range of specific activities (per mg protein) of antioxidant enzymes in 
major tissues of invertebrates and vertebrates ^
Animal group Catalase SOD
(mmoi/min) (U)
GPXb
(nmol/min)
Invertebrates 163 - 1690 4-405 0 -2 4
Vertebrates 139 - 740 97 -101 32 - 920
s Table modified from Livingstone e ta l (1992) (see reference for the original 
literature references). Invertebrate species include molluscs, crustaceans and 
insects; vertebrate species include fish, amphibians, reptiles and mammals, b 
GPX activity is with H2O2, cumene hydroperoxide or t-buty I hydroperoxide as 
substrate.
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1.5 OBJECTIVES AND ANIMALS USED IN THE STUDY
1.5.1 Objectives and Approach
The availability of a gene probe which recognised SeGPX mRNA in a marine 
invertebrate (Goldfarb et al 1989), coupled with the measurement of SeGPX 
catalytic activity (Livingstone et al 1992) and development of an 
immunorecognition technique to measure SeGPX protein (using commercial 
antibodies), opened the possibility of studying SeGPX regulation and 
expression at the gene and protein levels. A number of studies have 
investigated the role of SeGPX and other antioxidant enzymes in relation to 
pollutant stress, but little or nothing is known of their function and responses in 
relation to natural pro-oxidant stressors such as oxygen tension and diet.
The approach was used of comparing SeGPX function, plus the function of 
other key antioxidant enzymes (principally SOD and catalase), in the tissues of 
four marine invertebrate species, with different respiratory and dietary 
strategies, from three different phyla, in addition to investigating SeGPX and 
other antioxidant enzyme function in marine invertebrates, the study would 
greatly increase the database on pro-oxidant and antioxidant processes in this 
animal group. The four species chosen varied from euryoxic (tolerant of wide 
fluctuations in oxygen availability) to stenoxic (restricted to high oxygen 
availability) and from herbivorous and omnivorous to carnivorous. The animals 
chosen were the common mussel, Mytilus edulis (euryoxic, herbivorous, 
sessile), the scallop Pecten maximus (stenoxic, herbivorous, free-swimming) 
(both are class: Bivalvia, phylum: Mollusca), the shore crab Carcinus maenas 
(euryoxic, omnivorous, motile) (class: Crustacea, phylum: Arthropoda) and the 
starfish Asterias rubens (stenoxic, carnivorous) (class: Asteroidea, phylum: 
Echinodermata). The phyla Mollusca, Arthropoda and Echinodermata are on 
separate evolutionary arms of the animal kingdom, with the Echinodermata the
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invertebrate group most closely related to vertebrates (Livingstone, 1991b).
The main objectives of the work were:
1. The study of the gene and enzyme regulation of SeGPX in marine 
invertebrates, particularly in the mussel M. edulis.
2. The study of the relationship between SeGPX function and other antioxidant 
enzymes in marine invertebrates.
3. The study of SeGPX function (and to a lesser extent, SOD and catalase) in 
relation to endogenous sources (seasonality, diet) and exogenous sources 
(metals) of ROS production and oxidative stress.
The possibility was also considered that changes in antioxidant enzymes in 
response to pro-oxidant chemicals might have potential as biomarkers in 
pollution monitoring (see section 1.5.6).
1.5.2 The common mussel Mytilus edulis
M.edulis is a marine bivalve mollusc, which is found in coastal regions 
throughout many parts of the world. The mussel spends its adult life attached to 
hard surfaces, in the tidal region of the shoreline, by a number of byssal 
threads, which are secretions from a modified pedal mucous gland, called the 
byssal gland (Seed 1983).
M.edulis are naturally euryoxic organisms, that is, they live in fluctuating 
conditions of low and high oxygen availability, governed by tidal seawater 
levels causing the animal to be above or beneath the water surface. The shell, 
which is divided into two hinged halves, is held together by the adductor
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muscles, the posterior of which is the greater. These muscles oppose the 
action of an elastic ligament, which pulls the two halves of the shell in opposite 
directions. The muscles therefore function to keep the shell closed and allow it 
to open when relaxed. The shell is constantly enlarged by the upper layer of 
the mantle tissue, which is located on the underside of the shell, on either side 
of the animal. (Seed 1983)
Suspended from the roof of the mantle cavity are the gills, again on either 
side of the animal, in pairs. These serve not only as respiratory surfaces, but 
also to collect food particles from the water, as a filtration system. The animal is 
thus herbivorous, feeding on algae and small nutritious particles. Food 
particles collected in this way are carried to the buccal cavity by the action of 
small cilia. Here the particles are mixed with mucus, carried by the labial palps 
into the oesophagus and on to the stomach (Salvini-Plawen 1988). The food is 
digested by the enzymes secreted by the digestive gland and the grinding 
action of a crystalline structure known as the style, which also serves to deliver 
alpha-amylase. Any unwanted material is subsequently excreted as small 
pellets from the anus of the animal (Seed 1983).
The reproductive organs of the animal are derived from the mantle and many 
external factors are thought to influence spawning cycles. Of these, the most 
influential appears to be temperature, although other factors such as stress 
through rough handling or chemical attack can induce spawning (Mackie 
1984). Normally however, spawning is induced in mussels when the 
surrounding water temperature exceeds a critical level, usually between 10 and 
12°C (Seed and Suchanek 1992). Other factors regulating reproductive cycles 
include food availability, as the gonads are linked to the digestive system, and 
damage to the internal tissues (Mackie 1984). Many of these factors and 
possible endogenous factors may interact to control the reproductive cycle
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(Seed and Suchanek 1992). Both the temperature and food influences on 
reproduction mean that the reproductive cycle follows a seasonal pattern.
The general intermediary metabolism and biochemical pathways are well 
documented in M.edulis (DeZwaan and Mathieu 1992). Mussels are capable 
of surviving for long periods (days to weeks), without oxygen, by virtue of 
branched anaerobic pathways, but instead gives rise to multiple anaerobic end 
products such as alanine, opines, succinate, propionate and high energy yields 
compared to the lactate anaerobic pathway of higher organisms.
1.5.3 The scallop, Pecten maximus
P.maximus is a bivalve mollusc similar to M.edulis. Once again, its shell 
consists of two hinged sides, held together by an adductor muscle. The shell 
encloses the mantle on either side, the mantle being divided into three distinct 
layers. The upper layer is responsible for the production of the shell, the middle 
layer is adapted into sensory organs such as eye spots and tentacles, and the 
third layer is responsible for causing the flow of water over the gills in the 
mantle cavity (Seed 1983).
Feeding is again carried out by filtration of seawater by the gills (Salvini- 
Plawen 1988) and the digestive tract is largely similar to that of the mussel. 
One major difference between P.maximus and M.eduHs is that P.maximus is 
free swimming, not attached to the rock surfaces as is M.eduHs. Propulsion is 
obtained by rapidly opening and closing the shell using the adductor muscle 
and so squirting a volume of water from the animal, which therefore forces the 
animal to travel in the opposite direction. This mechanism allows P.maximus 
to escape from predators such as starfish, and also allows it to avoid being 
stranded above the tidal level. Consequentially P.maximus is not adapted to 
cope without oxygen in the way that M.eduHs is and is thus a stenoxic
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organism, as it experiences only slight changes in oxygen availability.
P.maximus are hermaphroditic organisms, production of the ova being 
followed by spermatogenesis (Beaumont and Budd, 1983) and are therefore 
capable of self-fertilisation. Breeding cycles are influenced not only by 
temperature ( Paulet and Boucher 1991), but also show photoperiodicity 
governed by lunar cycles, where populations undergo epidemic spawning 
between full and new moons (Mackie 1984). The interest of this species here is 
therefore that it shares many of the basic biological features of M.edulis but is 
not likely to be as tolerant of oxidative stress, due to its ability to physically 
avoid changing oxygen levels caused by tidal levels.
The general biochemistry of P.maximus is similar to that of M.edulis except 
that it does not have the complex anaerobic pathways, giving rise to a single 
anaerobic end product octopine (DeZwaan 1983). The energy yield of this 
pathway is low and the same as that for the lactate pathway of vertebrates.
1.5.4 The starfish, Asterias rubens
A.rubens is a member of the phylum Echinodermata, the invertebrate phylum 
most closely related to vertebrates. The outer surface of the animal is supported 
by a skeleton of plates of calcium carbonate, organised into five arms which 
exhibit radial symmetry about the centre of the animal and therefore govern the 
familiar 'star' shape of the creature (Clark 1962). The calcareous material from 
which this skeleton is formed is deposited in the cells under the skin of the 
animal and pushes through to form spines, on the upper part of the body, 
known as spicules (Lawrence 1987).
The skin also contains light sensitive spots of limited sensitivity, and the cells 
necessary for respiration. Internally, down the length of each arm, is the pyloric 
caeca, which produces the digestive enzymes and is resorbed and modified to
32
produce the gonads in the breeding season (Nichoils and Barker 1983). 
Spawning is usually in the two to three month period of the spring (March to 
May, depending on water temperature), and the adult sexual stage is usually 
reached at the age of one to three years of the six year life span (Lawrence 
1987).
A.rubens is a carnivore, feeding largely on the common mussel (Jangoux 
1982), which it prises open using the tube feet on the underside of each arm. 
The stomach of the animal is then extruded into the shell of the mussel and the 
mussel digested in the shell. The stomach and the contents of the shell are 
then withdrawn, through the mouth, and back into the animal. Respiration is 
carried out by many small sacks derived from the skin, known as papula 
(Lawrence 1988) on the upper surface of the animal. The insides of these 
papula are covered in small cilia, which present a greater surface area for 
respiration.
The starfish is a relatively sedentary animal, locomotion being obtained by the 
stepping motion of the tube feet, which are muscular sacs protruding from the 
inner surface of the underside of the arm (Clark 1962).
Echinoderms are similar to vertebrates in having the lactate pathway as their 
sole anaerobic pathway (Livingstone 1991a)
1.5.5 The shore crab, Carcinus maenas
C.maenas is a small, green crab of up to 10cm carapace diameter. Digestive 
tissues (hepatopancreas), gonads and respiratory tissues are all housed in the 
main carapace of the animal (Schram 1986), the gills being arranged in rows of 
tiny discs lined along either side of the shell. Crabs are capable of regulating 
the flow of seawater over these gills in order to extract the optimum amount of 
oxygen from the water and are thus capable of living in water where oxygen
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conditions are low, for long periods of time. In conditions of extreme anoxia, the 
crab is capable of reducing its metabolic rate to 20% of the normal rate, in order 
to reduce the build up of lactic acid in its tissues (Hill et al 1991). The crab is 
capable of aerial respiration as well as aquatic respiration, having a single 
anaerobic pathway (the lactate pathway) with low energy yields (Livingstone 
1991a).
C.maenas matures sexually when two to three years old, the mating season 
being between July and October (Berryl 1982). The reproductive cycle is 
influenced by factors such as temperature and moulting (Williams 1985), males 
moulting early in the year, the females moulting later in the year, being 
protected by the males after fertilisation.
The animal is omnivorous, eating mostly plant material and decaying animal 
matter (Grahame 1983). Cannibalism is not uncommon among densely 
populated groups, protection from this behaviour being another advantage of 
the male guarding the female after moulting. Crabs are relatively active and 
fast moving, locomotion being achieved by four of the five hinged legs either 
side of the animal, the fore-legs being adapted to defend the animal from attack 
and for feeding.
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1.5.6 Tissues of interest in antioxidant defence studies
Specific tissues were chosen from each animal, in an attempt to compare the 
responses and basal levels of tissue with identical or similar function. Given 
the necessary evolutionary and physiological differences of species used, it 
was sometimes necessary to use unrelated tissues, especially in the case of 
the starfish A.rubens.
1.5.6.1 Mytilus eduiis
The major tissues of interest were; the digestive gland, due to its feeding and 
detoxication role, the gill due to its role in respiration and also filter feeding, the 
mantle used for storage and production of the gametes and the posterior 
adductor muscle, used to keep the two halves of the mussel shell closed.
Figure 1.5.6.1 Section of M.edulis showing major tissues of interest 
(Scale approx. 1.5X)
foot digestive gland byssus (cut) adductor
muscle
shell mantle
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1.5.6.2 Pecten maximus
Due to the close relation of the scallop to the mussel, the tissues used here 
correlated exactly in function to those of the mussel, i.e. digestive gland, mantle, 
gill and adductor muscle.
Figure 1.5.6.2 Section of P.maximus showing major tissues of interest (full 
scale)
digestive gland adductor muscle
shell mantle
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1.5.6.3 Asterias rubens
Here the different nature of the animal made comparison of the tissues to be 
studied limited. The major digestive tissue is the pyloric caecum where the 
digestive and detoxication enzymes are synthesised (Den Besten et al 1990. 
Respiration is carried out by small sacs found in the skin of the animal, and the 
only muscular tissue in the animal is the tube feet on the underside of each 
arm. As gonad production in the animal is seasonally controlled and gonads 
are only present for a short length of time, the final tissue taken for analysis was 
the soft tissue around the stomach.
Figure 1.5.6.4 Section of A.rubens showing major tissues of interest (full scale)
skin stomach gonads
(present during 
breeding 
season only)
spicules
pyloric caecatube feet
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1.5.6.4 Carcinus maenas
In the shore crab, correlation of tissues with the bivalves was more 
obviousthan for A.rubens. Here the major digestive tissue is the 
hepatopancreas, the respiratory tissue is the gill, the most readily available 
muscle tissue is the muscle found in the major claw, and the gonads were the 
most plentiful and easily removable of the remaining tissues. Due to the times 
of collection and the life cycle of the crab, the majority of the animals obtained 
were males, hence for the majority of the experiments, only male shore crabs 
were used.
Figure 1.5.6.4 Section of C.maenas showing major tissues of interest (full 
scale)
muscle of 
major claw
hepatopancreas
gonads heart
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1.5.7 Oxidative stress as a biomarker for pollution
Metals and organic pollutants, present in food, sediment and water, are 
readily taken up by aquatic organisms (Viarengo 1989, Livingstone 1991a). 
Mussels and to a lesser extent, other marine invertebrates have been used 
extensively in pollution monitoring because they bioaccumulate pollutants to 
high concentrations in their tissues (Viarengo 1989; Walker and Livingstone
1992). The need to detect and assess the impact of pollution, particularly low 
concentrations of increasingly complex mixtures of chemicals, has led to the 
study and development of biomarkers, measurements at the molecular or other 
levels of the biological effects of pollutants on organisms (Livingstone 1993). 
Such measurements offer the potential of early-warning tests which are
I
sensitive, specific and applicable to a wide range of organisms. Some
/•
biomarkers have been extensively applied in the field, e.g. induction of hepatic 
cytochrome P4501A in fish as a biomarker for organic pollutants such as 
aromatic hydrocarbons, RGBs and dioxins (Livingstone 1993).
Measurements of pro-oxidant processes (oxidative damage to lipid, DNA, 
protein) and antioxidant processes (increase in antioxidant enzyme activities) 
have been proposed as a possible biomarker for organic pollution, both in 
vertebrates (Stegeman et ai, 1992) and invertebrates (Livingstone 1991c). 
Although having the disadvantage of less specificity (metals, organics and 
natural processes can all lead to increased ROS production) and less marked 
responses than cytochrome P4501 A, the measurements have the potential that 
they may respond to pro-oxidant pollutants which do not induce cytochrome 
P4501A (e.g. quinones, nitroaromatics). Elevation of catalase and SOD, but 
not SeGPX, activities were seen in digestive gland of M. edulis from polluted 
sites on the Catalan coast of Spain (Porte et al 1991).
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1.6 EXPERIMENTAL STUDIES
The methods used in the research are described in chapter 2. Initial studies 
developed methods for measuring antioxidant enzyme activities, SeGPX mRNA 
levels and the in vitro potential for NAD(P)H-dependent ROS production. The 
distributions of these three biochemical activities were then compared in the 
different tissue-types (digestive, respiratory, reproductive, muscular) of the four 
species in order to examine relationships between i) individual antioxidant 
enzymes, ii) SeGPX activity and mRNA, iii) antioxidant enzyme defences and 
endogenous ROS-generating potential, and iv) biochemical activities and 
tissue function (chapter 3). The methods for measuring SeGPX mRNA were 
further refined using different genetic probes, and the Western blotting 
technique was developed for the measurement of SeGPX protein (chapter 4). 
Given the known seasonal cycle of change in SeGPX activity in digestive gland 
of M. edulis {Vmengo et al 1991a), a study was carried out in this tissue to 
compare seasonal changes in SeGPX activity, total GPX activity, and levels of 
SeGPX mRNA and SeGPX protein in order to investigate the regulation of 
SeGPX expression (chapter 4). The results of the tissue distribution study 
(chapter 3) indicated relationships between antioxidant enzyme complement 
and dietary strategy. This was further investigated in starvation experiments on 
M.edulis, C.maenas and A.rubens (chapter 5). The metal copper was known to 
decrease GSH levels in digestive gland of Mytilus sp. (Viarengo et al 1988a), 
with implications for SeGPX function, and therefore this and other metal 
purturbers of antioxidant status were used to study SeGPX regulation and 
response in digestive gland of M.galloprovincialis (chapter 6). Finally, the 
results of the research are discussed in relation to the original objectives and 
SeGPX and other antioxidant enzyme function and regulation in marine 
invertebrates (chapter 7).
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1.7 SUMMARY
The evidence for SeGPX in M.edulis (Livingstone et al 1992) and the 
corresponding mRNA molecule (Goldfarb etal 1989) gave plausible openings 
to study the controlling factors of this enzyme in a number of circumstances. It 
was therefore of interest to find out how, in comparison to other antioxidant 
enzymes and also mammalian systems, this SeGPX enzyme was regulated, if 
at all, to deal with changes in the pro-oxidant status of tissues of M.edulis, and 
compare the changes to those observed in marine animals with different 
natural histories {P.maximus, A.rubens, C.maenas ). It was hoped that this 
study would give insights to these mechanisms and expand the knowledge 
both of SeGPX and antioxidant enzyme function in marine invertebrates.
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CHAPTER 2 
MATERIALS AND METHODS
2.1 MATERIALS
2.1.1 Animals
Animals were collected were from a non-polluted natural indigenous 
population of the area in question. Where possible, species were taken from 
the same sites, except where their natural habitats did not coincide.
The common mussel Mytilus edulis was routinely collected at low tide from 
Whitsand bay, Cornwall. All animals were between 5 and 7cm shell length. 
The scallop Pecten maximus was collected from Kingsand bay, Cornwall by 
dredging nets. All specimens used were approximately 8 to 12 cm diameter. 
The green shore crab Carcinus maenas and the starfish Asterias rubens were 
caught by dredging nets at the mouth of the river Tamar and Kingsand bay, 
Cornwall, respectively. A.rubens used in this study were between 15 to 20cm 
diameter. C.maenas were of carapace diameter 8 to 10cm. The 
Mediterranean mussel Mytilus galloprovincialis was collected as specimens 
approximately 10cm shell length from LaSpezia Northern Italy.
2.1.2 Chemicals and reagents
Chemicals used throughout this work were analar or molecular biology grade 
unless stated otherwise. Chemicals and reagents were obtained from the 
following companies;
Amersham International UK.- megaprime k it, Hybond N/N+.
BDH Chemicals Ltd- Ammonium persulphate, ethylenediaminetetraacetic 
acid (EDTA), formaldehyde, formamide, glycine, Iron(ll) chloride, lithium
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chloride, magnesium chloride, phenol, potassium chloride, di-potassium 
hydrogen orthophosphate, potassium dihydrogen orthophosphate, sodium 
acetate, sodium dihydrogen orthophosphate, disodium hydrogen 
orthophosphate, sodium dodecyl sulphate, sucrose, Triton X100.
Beta lab UK.- yeast extract.
Difco Laboratories- Bacto-gar, bactotryptone.
FSA Laboratories Supplies Ltd.- glycerol, methanol, hydrochloric acid, glacial 
acetic acid, chloroform.
Gibco BRL- Agarose, guanidium isothiocyanate, low-melting point agarose.
National Diagnostics- Acrylamide, bis-acrylamide
Northumbria Biochemicals Ltd- RNazol B
Sigma Chemical Company- ampicillin, bovine serum albumin (BSA), 
bromophenol blue, copper sulphate, cumene hydroperoxide, horse heart 
cytochrome c, dichlorophenol-indophenol (DCPIP), diethyl pyrocarbonate 
(DEPC), Folin-Ciocalteau reagent, glutathione (reduced), hydrogen peroxide, 
hypoxanthine, Isopropanol, 2-m ercaptoethanol, 3-[N-morpholino] 
propanesulphonic acid (MOPS), methylene blue, 3-nicotinamide adenine 
dinucleotide, cis-oxaloacetic acid, reduced (NADH), 3-nicotinamide adenine 
dinucleotide phosphate, reduced (NADPH), salmon sperm DNA, sodium azide, 
sodium pyruvate, spermidine (N-[3-aminopropyl]-1,4-butanediamine), 
tris(hydroxymethyl)aminomethane, xanthine oxidase, xylene cyanol, yeast 
tRNA.
2.1.3 Radiochemicals
32p labelled deoxycytidine triphosphate [(5-a32p)-dCTP] was obtained from 
ICN Flow Ltd, at a specific activity of 3000Ci/mmol, 10mCi/ml.
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2.1.4 Antibodies
Sheep anti-human glutathione peroxidase, polyclonal antibody and the 
horseradish peroxidase-labelled, donkey anti-sheep IgG fraction, were 
obtained from The Binding Site Ltd.
2.2 ANIMAL HUSBANDRY AND EXPERIMENTAL CONDITIONS
On collection, animals were kept in conditions approximating those of their 
natural environment, in order to reduce stress which may cause changes in the 
processes under study. Animals were kept in flow through seawater at ambient 
temperature, and a salinity of 35 ppt. They were either sampled after keeping 
overnight (mussel, seasonal study), or for longer (tissue comparison and other 
studies). Intertidal organisms (mussel and crab), were kept for at least two 
weeks, prior to the starvation experiments, in order to adapt them to the subtidal 
conditions of the experiment. Barnacles were removed from the shells of 
mussels and scallops, in order to minimise fouling of the water by barnacles 
dying. Mussels were kept in groups of 100 in baskets, whereas scallops had 
greater water-volume and were free to swim. Both species were not fed 
directly, but were considered to receive adequate nutrition from detritus and 
plankton, in the unfiltered seawater, received direct from Plymouth sound. 
Grabs and starfish were fed approximately every three days, with about 250g of 
fresh fish per 10 crabs, and 1 mussel per starfish.
2.3 DISSECTION AND STORAGE OF TISSUES
Animals were generally kept a minimum of 24 hours after collection without 
feeding, prior to dissection, in order to clear gut contents. Tissues were 
dissected out, damp-dried on filter paper, and either used immediately, or 
frozen in liquid nitrogen prior to storage for a short period at -70°C. For the
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tissue comparison, identical tissues were taken from mussel and scallop, i.e. 
digestive gland, gills, mantle and adductor muscle, compared to 
hepatopancreas, gills gonads and claw muscle and pyloric caeca, stomach and 
surrounding tissues, upper skin and tube feet for starfish (see Figures 1.5.6.1 to
1.5.6.4 for details). The crystalline style was removed from the digestive gland 
of the two bivalves, and the tube feet of A.rubens included the areas between 
them. Mixed sex pools of tissues were used for mussels, scallops and starfish, 
whereas males were predominantly used for crabs.
2.4 RNA EXTRACTION
Three methods were used to obtain total RNA from the tissues of the marine 
invertebrates, the aim being to obtain large pure yields of total cellular RNA with 
as little degradation as possible. As RNA is particularly sensitive to 
degradation by heat, unfavourable pH and especially by RNases, it had proven 
difficult by previous workers to obtain intact RNA (Spry 1990). The methods 
attempted included existing methods used routinely for RNA extraction from 
mammalian tissues (Cathala et al 1983), a modified plasmid-purification kit 
(Qiagen midi-prep) and a single-step adaptation of the method of Chomczynski 
et al (1987). Different methods were used at different stages of the work 
depending on their availability. The relative merits and results obtained from 
the different methods are discussed later in the thesis.
For all these procedures, all equipment, such as glassware, tubes, scalpels 
and other disposables, were bought sterile or autoclaved at 120°C for 20 
minutes under 20 bars pressure to ensure sterility and destruction of any 
degradative enzymes present. Where possible, all solutions were treated with 
DEPC (0.1%, stirring for 16 hours), with the exception of solutions containing 
EDTA, solvents or detergents, then autoclaved as above.
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2.4.1 Lithium chloride/phenol extraction
This method was an adaptation of the method of Cathala et al (1983) and 
was routinely used in the laboratory at that time. Snap frozen tissue was ground 
in liquid nitrogen until it became a fine powder. 4 volumes of 5M guanidium 
isothiocyanate and 0.5 volumes of 2-mercaptoethanol were immediately 
added. The resulting mixture was then homogenised in a motor driven Potter 
Elvehjem glass Teflon homogeniser. The mixture was transferred to a sterile 
250ml centrifuge tube and 6 volumes of 4M LiCl were added, upon which the 
mixture was left at 4°C overnight (16 hours minimum). The mixture was 
subsequently centrifuged at 11,000xg for 90 minutes at 4°C and the 
supernatant discarded. 30ml 3M LiCl was added and the pellet resuspended. 
On resuspension, the mixture was again centrifuged at 11,000xg 4°C, for 30 
minutes, the supernatant discarded and the pellet resuspended in 5ml lOmM 
Tris-CI pH7.5, ImM EDTA pH8.0) (TE buffer) 0.1% (w/v), SDS. An equal 
volume of TE saturated phenol (pH 7.5) was added and then vortexed 
thoroughly. This mixture was then centrifuged at 12,900xg, 4°C, for 10 minutes 
and the upper aqueous phase removed to a clean tube, whereupon the phenol 
extraction was repeated until the interface between the two layers was no 
longer cloudy (usually 3 extractions were necessary). To the final aqueous 
layer obtained, 0.1 volumes of 3M sodium acetate, pH5.2 and 2.5 volumes 
ethanol at -20°C were added and the mixture incubated at -20°C overnight. 
Subsequent centrifugation at 16,000xg, 4°C for 20 minutes was carried out, the 
supernatant removed and the pellet washed in 70% (v/v) ethanol, the last 
traces of ethanol being removed under vacuum in a univap centrifugal 
evaporator (Uniscience Ltd.) for 5 minutes. Finally the pellet was resuspended 
in a suitable volume of sterile, DEPC treated water.
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2.4.2 Qiagen total RNA extraction.
This method was derived from the procedure detailed in the Qiagenologist 
(3rd Edn. Diagen Ltd.). The basis of separation relies on an ion exchange resin 
packed into a small gravity flow column. The pH and salt concentration of the 
buffer in the column and sample are controlled so that the nucleic acid to be 
purified binds preferentially to the resin in the column. Further washing steps 
firstly remove any unbound impurities and unwanted nucleic acids, then an 
increase in the salt concentration of the wash buffer is used to remove the 
nucleic acid of interest.
Snap frozen tissue was homogenised as per section 2.4.1 in 4IV1 guanidium 
isothiocyanate with 1/;l 2-mercaptoethanol and 130pl Triton X 100 and left on 
ice for 15 minutes. An equal volume of 3M sodium acetate was then added and 
the mixture centrifuged at 15,000xg, 4°C for 30 min. 0.8 volumes isopropanol 
were added to the supernatant and the suspension allowed to precipitate for 5 
minutes. The mixture was centrifuged as above and the supernatant applied to 
an equilibrated Qiagen column. Any unwanted nucleic acids and proteins were 
eluted from the column by applying 5 volumes of 400mM NaCI, 50mM MOPS 
pH7.0, 15% ethanol (to disrupt any non-specific hydrophobic interactions) to 
the column. The RNA was then eluted from the column by washing with 5 
volumes of a solution of 900mM NaCI, 50mM MOPS, 15% ethanol, 6M urea, pH 
7.0. The RNA was precipitated from the eluant by addition of 1 volume of 
isopropanol, followed by centrifugation at 15,000xg, 4°C for 30 minutes. The 
pellet was washed in ice cold ethanol, dried under vacuum in a rotary 
evaporator for 5 minutes and resuspended in a suitable volume of DEPC 
treated, sterile water.
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2.4.3 RNAzol-B total RNA extraction
This is a one step purification technique based on the method of 
Chomczynski and Sacchi (1987). This method combines the guanidine 
isothiocyanate, 2-mercaptoethanol and phenol solutions in order to inhibit 
RNases and remove them and other proteins from the homogenate in one step, 
thereby reducing the opportunity for RNases to degrade the RNA. The solution 
is marketed as RNAzol B by Biogenesis (Northumbria Biochemicals) Ltd.
The tissue from which the RNA was to be extracted was ground to a fine 
powder under liquid nitrogen using a pestle and mortar and lOOmg was 
weighed into sterile 15ml tubes to which 2ml of the RNAzol B solution was then 
added. The solution was homogenised using a polytron (Kinematica GmbH, 
Switzerland) homogeniser. The resulting mixture was split evenly between two 
sterile microcentrifuge tubes and lOOpI chloroform added to each tube. The 
contents were mixed for 15 seconds and then placed on ice for 5 minutes, 
before being centrifuged at 4°C in a benchtop microcentrifuge at maximum 
speed (14,000rpm) for 30 minutes. The upper level was removed to a clean 
sterile microcentrifuge tube, care being taken not to disturb the interface, as this 
contains proteins such as RNases. An equal volume of isopropanol was added 
to the upper layer and this was mixed and allowed to incubate on ice for 45 
minutes. The precipitated RNA was pelleted by centrifugation at 14,000 rpm 
4°G, for 15 minutes, the supernatant removed and 1ml of 75% ethanol (v/v) 
added. The tube was briefly shaken and the RNA repelleted by centrifugation at 
14,000rpm for 10 minutes. The supernatant was removed, the pellet allowed to 
air dry for 5 minutes and then resuspended in a suitable volume of DEPC 
treated sterile water.
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2.5 GENOMIC DNA EXTRACTION
The extraction of total cellular DNA from mussel digestive tissue was carried 
out according to the method of Kloepper-Sams (1989). 1g of tissue was ground 
under liquid nitrogen, 10ml of homogenisation buffer (appendix 1) added, and 
shaken vigorously. The mixture was homogenised using a Potter-Elvjehm 
homogeniser, the homogenate then being layered over an equal volume of 
cushion buffer (appendix 1). The tube was centrifuged 2500xg for 10 minutes 
at 0°C, and the pellet resuspended in 10 ml isolation buffer (0,15M NaCI, lOmM 
EDTA, lOmM Tris pH7.5). After vigorous shaking 0.4ml 10%SDS, 5ml TE- 
saturated phenol and 5mI 24:1 (v:v) chloroform:isoamyl alcohol were added and 
the mixture gently mixed at room temperature for one hour. The suspension 
was centrifuged at 10,000xg for 10 minutes at room temperature, the aqueous 
phase added to an equal volume of TE saturated phenol and centrifuged at 
15,000xg for 10 minutes and the aqueous phase re-extracted until the interface 
was clear. Once a clear sample was obtained, this layer was re-extracted with 
another equal volume of the phenol:chlorophorm:isoamylalcohol 1:24:1 (v:v:v) 
mixture and finally re-extracted with 24:1 chloroform: isoamyl alcohol. Solid 
ammonium acetate was added to the remaining aqueous phase until the 
solution was 2M, and two volumes of ethanol at -20°G added. The tube was 
mixed gently to precipitate the DNA, which was collected using a sterile plastic 
loop.
Finally to obtain clean DNA, the sample was washed with 70%, then 100% 
ethanol, dissolved in 5ml TE buffer and incubated for 1 hour with lOOjivg/ml 
RNase A, followed by incubation with 200/yg/ml proteinase K, both at 37°G for 
16 hours. A further phenol extraction step was carried out as above, to remove 
the enzymes and after precipitation the DNA was resuspended in 1ml TE buffer.
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2.6 RESTRICTION DIGESTION OF DNA
Restriction endonucleases were used in several parts of this study, either to 
cut known segments of DNA such as plasmid vectors, or to digest large 
amounts of genomic DNA to be used in southern blotting (section 2.9).
2.6.1 Genomic DNA digestion
Genomic DNA, once extracted from its host cell, consists of very large 
sequences of nucleic acid, which become entangled and result in a highly 
viscous solution, which is not only very difficult to pipette accurately, but will not 
run easily through an agarose gel, where separation according to fragment size 
is required. To circumvent this problem, digestion with restriction 
endonucleases was performed. Restriction enzymes are enzymes capable of 
breaking internal phospho-diester bonds in DNA molecules at specific 
recognition sites, usually determined by the nucleotide sequence of the cut site.
Table 2.6.1 Restriction endonucleases used throughout this study
Enzyme Organism of origin
EcoRI Escherichia coli
Xho I Xanthomonas campestris
Hin dill Heamophilus influenzae R j
Recognition site
5' G*AATTG 3' 
5’ G*TGGA 3' 
5’ A*AGGTT 3’
(* indicates the cutting site of the enzyme.)
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Standard genomic DNA digests were set up as follows; 2fjg of genomic DNA 
was pipetted into a sterile microcentrifuge tube. A final volume of 10x the 
volume of the DNA solution was required, to which 0.1 volumes of 40mM 
spermidine and 0.1 volumes lOx digestion buffer (One-phor-al, Pharmacia Ltd.) 
was to be added, along with one unit of digestion enzyme per pg DNA present 
(one unit of enzyme is defined as the quantity which will cut Ipg of DNA in one 
hour). The reaction mixture was made up to volume with sterile water, mixed 
with a sterile pipette tip and incubated at 37°C for 2 hours. After this time, a 
further 20 units of enzyme were added to the reaction mixture, which was then 
stirred and allowed to incubate at 37°C overnight . A small aliquot of this 
reaction mixture (2/y|) was then run on an agarose gel (2.7.1) and the reaction 
mixture removed from the waterbath when no fragments greater in size than 23 
Kilobases (Kb) in length, or smearing of the DNA were present. The digested 
DNA could then be used for gel electrophoresis and Southern analysis.
2.6.2 Restriction of plasmid DNA
The gene probes used in this study had previously been ligated into plasmid 
vectors to allow synthesis of large quantities of probe sequence. However, as 
the plasmid vector DNA would interfere with subsequent experimental 
procedures, the probe sequence had to be removed from the plasmid using 
restriction enzymes which recognised and cut at the insertion sites of the probe 
DNA.
Digests were set up containing small quantities of DNA (5-10//g). The volume 
of the digest was set at 20x the number of pg DNA present and the volume of 
lOx digest buffer added was 0.1 x the reaction volume, as was the volume of 
40mM spermidine present. 1 unit of enzyme was added per pg DNA present 
and the volume made up with sterile water. The reaction was mixed with a
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sterile pipette tip and incubated at 37°C overnight.
2.7 AGAROSE GEL ELECTROPHORESIS OF NUCLEIC ACIDS.
2.7.1 DNA agarose gels
Unless stated otherwise, electrophoretic separation of DNA, whether 
genomic, plasmid or gene fragments, was carried out as follows:
Agarose gels of 0.8 to 1.2 % were prepared by heating a weighed amount of 
agarose powder in the required amount of 40mM Tris acetate, 20m M sodium 
acetate lOmM sodium acetate, lOmM EDTA pH 8.0, (TAE buffer) in a 
microwave oven until fully dissolved, the solution was then cooled to 65°C in a 
waterbath and poured into a perspex mould. A perspex slot-former was 
immediately placed in the gel and the gel allowed to set at room temperature. 
The gel was placed in an electrophoresis tank containing TAE buffer, the slot 
former removed and the samples loaded into the slots. Samples were 
prepared by adding to the original DNA solution approximately 0.15 volumes of 
loading buffer (30%(w/v) Ficoll, 0.25% (w/v) bromophenol blue, 0.2M EDTA 
pH8.0 in 10 X TAE buffer) and making the final solution up to a suitable volume 
with TAE, to allow easy pipetting into the wells (e.g. 3p\ DNA solution, 3p\ 
loading buffer and 14jUl TAE buffer.)
Electrophoresis was carried out at 100mA constant current (50mA for 
genomic DNA digests) until the bromophenol blue dye was approximately 2cm 
from the end of the gel. Bacteriophage X DNA restricted with the enzyme Hind 
III was run along side the samples to act as molecular weight markers, to allow 
estimation of DNA fragment sizes.
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2.7.2 RNA agarose gel electrophoresis
Agarose gel electrophoresis was employed in order to check the integrity of 
RNA samples obtained, or to separate RNA samples for Northern blotting. The 
gels differing in composition from the DNA gels used, because RNA is single­
stranded and may form internal double stranded structures, which would 
impede separation. It was therefore necessary to use a denaturing buffer 
system in the gel.
Total RNA samples were prepared for electrophoresis by diluting a sample 
volume containing 20pg of RNA to a volume of 20pl with DEPC treated sterile 
water. To this were added 2p\ of 10x (working concentration) MOPS buffer 
(0.1 M MOPS pH 7.0, 40mM sodium acetate, 5mM EDTA pH8.0 in DEPC treated 
water), 7p\ deionised formaldehyde and lOjWl deionised formamide. The 
samples were heated to 65°C for 15 minutes to denature any secondary 
structures formed and 3p\ running dye was added (50% (w/v) glycerol, ImM 
EDTA 0.25% bromophenol blue, 0,25% xylene cyanol).
The denaturing gel on which the RNA was run was a 70ml gel and was 
prepared as follows; 1.5g agarose, 7ml lOx (working concentration) MOPS 
buffer and 50ml DEPC-treated sterile water were heated until the agarose had 
fully dissolved. This mixture was allowed to cool to 50°C, 12.6ml of deionised 
formaldehyde added, the mixture swirled to mix the formaldehyde and poured 
at once into a perspex gel mould with comb. This was allowed to set at room 
temperature, in a fume hood and the gel placed in a tank containing 1x 
(working concentration) MO PS buffer. The samples were loaded into the wells 
and electrophoresis carried out at 100mA constant current for 2 to 3 hours, until 
the dye front was approximately 2cm from the end of the gel.
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2.8 STAINING AND VISUALISATION OF NUCLEIC ACIDS.
After gel electrophoresis was complete, DNA and RNA gels were stained in a 
0.5pgfp\ solution of ethidium bromide. Gels were placed in the solution, on a 
rotary shaker, for 10 minutes, followed by destaining of the gel for 10 minutes in 
sterile water, to remove excess dye from the gel.
Visualisation of the gel was carried out using a UV light box emitting light at 
256nm. Light of this wavelength is absorbed by ethidium bromide and re­
emitted as light in the visible range of the spectrum. As the ethidium bromide 
intercalates between the bases of the nucleic acids, it shows as an orange 
band where the DNA/RNA is present in the gel.
In the case of RNA gels to be used for Northern blotting, it was necessary run 
a duplicate lane of one of the samples, at the edge of the gel, which could then 
be stained independently of the rest of the gel, as ethidium bromide is thought 
to inhibit transfer of nucleic acids from the gel to nitro-cellulose membranes ( 
see this chapter, section 2.10, chapter 4, section 4.2.2.2).
2.8.1 Methylene blue staining of RNA
Visualisation of RNA bound to nylon membranes, was carried out by staining 
with 0.3g/l methylene blue powder in 0.5M sodium acetate, pH 5.2. 
Membranes were immersed in the stain for 30 seconds to 10 minutes until the 
membrane was stained deep blue. The membrane was then washed in 
repeated rinses of distilled water until the background faded and the RNA was 
clearly visible.
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2.8.2 Photography of gels
This was carried out using a Polaroid Land Speed MP-4 camera on an 
adjustable stand, with type 665 positive /negative film. Photographs were taken 
using an orange filter, using the maximum aperture, exposing for 13 seconds 
and developing for 1 minute. Negatives were then soaked in water for several 
hours to remove the backing and developing fluid and air dried before storage.
2.9 SOUTHERN TRANSFER
Transfer of DNA from agarose gels to nylon membrane, in order to carry out 
hybridisation to radiolabelled DNA probe, was performed using an adaptation 
of the method of Southern eta l (1975) as detailed in the Amersham Hybond-N 
manual (Amersham international Ltd).
After gel electrophoresis, the agarose gel containing the DNA to be 
transferred was immersed in 0.25M HCI and shaken until the bromophenol 
blue dye in the gel had turned from blue to yellow. The gel was left in the acid 
for a further 10 minutes and rinsed in water, before immersion in denaturing 
buffer (0.5M NaOH, 1.5M NaCI) for 30 minutes, or until the dye returned to its 
normal blue colour, followed by a further 15 minutes immersion. After this 
incubation the gel was again rinsed in water, placed in neutralising solution 
(0.5M Tris, 3M NaCI) and shaken for a further 15 minutes. The neutralising 
buffer was then replaced and the gel shaken for a further 15 minutes.
Capillary transfer to nylon membrane was then carried out using 20X saline 
sodium citrate (SSC, appendix 1) to carry the DNA from the gel onto the 
membrane where it adheres. In the case of Hybond-N+, there are positively 
charged sites on the membrane to which the nucleic acid binds.
Care was taken to exclude any air bubbles from between the gel and the 
membrane, which would otherwise inhibit transfer. The transfer was left for a
55
minimum of 6 hours, to a maximum of 16 hours, depending on the thickness, 
concentration of the gel and the size of the fragments to be transferred, care 
being taken not to disturb the apparatus during the transfer. After transfer was 
complete the DNA was bonded to the nylon membrane by irradiation with UV. 
light for 3 minutes, followed by baking at 80°C for 2 hours. Membranes could 
then be used, or stored at 4°C wrapped in cling film. Full transfer could be 
ascertained by subsequent staining of the gel in ethidium bromide (section 2.8), 
no staining being present where transfer was complete.
2.10 NORTHERN TRANSFER
Northern transfer uses the same principle of capillary action to transfer RNA 
from agarose gel to Nylon membrane, as described for Southern transfer 
(section 2.9).
Once the gel had run, it was soaked for 2 x 15 minutes in 20xSSC buffer, to 
remove formaldehyde from the gel and then set up using the capillary blot set­
up as used for Southern transfer. Again transfer was allowed to continue for up 
to 16 hours, followed by bonding with UV light, baking at 80°C for 2 hours and 
staining of the gel to ensure that transfer was complete.
2.10.1 Slot blotting.
Where large numbers (usually greater than ten) of RNA samples were to be 
analysed by hybridisation with radiolabelled DNA probe sequences, it was 
considered more practical to load the samples onto slot-blots, rather than run 
agarose gels. The advantage of this method is that large numbers of samples 
can be loaded onto slots on a nylon membrane and can therefore be analysed 
under the same conditions, cutting out variability due to probe concentration, 
probe specific activity and transfer efficiency. Thus control and experimental
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samples may be loaded alongside each other in numbers practical for 
statistical analysis, for which the probing and loading conditions will be exactly 
the same.
The RNA to be loaded was diluted in serial, in sterile microcentrifuge tubes 
from 20pg in fOOpI of DEPC treated water, to 0.625/ig in ^00p\ of DEPC water 
(sometimes quantities well below 20pg were used, depending on availability of 
RNA in these quantities and the number of slots to be loaded). 300/l/I of 1:1 
formaldehyde : SSC were added to this dilution and all samples were 
incubated at 65°C for 15 minutes. During this incubation two pieces of 
Whatman 3MM paper and a piece of nylon membrane cut to the dimensions of 
the loading area of the slot blot apparatus were soaked in 10 x SSC.
The apparatus was the set up as in figure 2.10. After incubation at 65°C the 
samples were loaded onto the slots, and the buffer pulled through the 
membrane under vacuum pressure, the RNA adhering to the nylon membrane. 
The slots were washed through with 400p\ of 10xSSC solution to wash down 
any RNA adhering to the sides of the slots, and once the solution had all 
washed through, the membrane was removed from the apparatus, allowed to 
air dry for 15 minutes and then bonded as per section 2.9. Slot blots could 
either be stored wrapped in clingfilm at 4°C or probed immediately.
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Figure 2.10 Slot blot apparatus
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2.11 SYNTHESIS OF RADIOLABELLED DNA PROBES
2.11.1 Bacterial strains
Three bacterial strains containing recombinant plasmids with SeGPX DNA 
inserts, from either the human or mouse genes, were used throughout this 
project.
pGP71 - Human sequence, full length, inserted into the Xho I site of plasmid 
pUG19 (Dunn 1990) in E.coli T B 1 (^  , hsdR. thi, ri<+, strA, Alac-pro. 
oSOdlacZAMIS), origin -BRL (1989)
p2D6 - Mouse sequence, nucleotides +570 to +1350 inserted into the EcoRI 
site of plasmid pATI53 (Chambers eta l 1986) in E.coli MCI061 (F“, araD139. 
qalU-A(ara.leu)7696. AlacY74. aalK~.hsr, hsdR~. strA, hsm+). origin-Vieira and 
Messing, (1982).
pAI 0 - Mouse sequence, nucleotides -310 to +570 inserted into the EcoRI and 
Hindlll sites of plasmid pUC12 (Chambers eta l 1986) in E.coli JM83 (ara, rpsL 
lacZA M l5, A(lac-proAB). 080, rk+, mk+) (origin-Yannish-Peron eta l (1985))
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2.11.2 Culture of bacteria
Bacteria were cultured in two stages, an initial small culture stage followed by 
a subsequent large culture, in order to provide enough bacteria to use in 
plasmid preparation. Using a sterile loop, bacteria were taken from a glycerol 
stock stored at -70°C and used to inoculate 10 ml of TYN broth (10g/l Tryptone, 
10g/l yeast extract, 5g/l NaCI), containing 150 /yg/ml ampicillin. The antibiotic is 
included to ensure retention of the recombinant ampicillin resistant plasmid 
DNA and to prevent growth of contaminants.
The 10ml culture was incubated in an orbital shaker at 37°C, 200rpm, in a 
sterile 25ml universal bottle overnight. This culture was then added to a further 
150ml of TYN broth containing 150 pg/ml ampicillin, and incubated as above, 
overnight, in sterile 250ml conical flasks, with a plug of sterile cotton wool, 
covered in aluminium foil. Bacterial cell culture was continued until the flasks 
were cloudy in appearance.
2.12 PLASMID DNA ISOLATION
Plasmids containing the DNA sequence of interest were isolated from the host 
bacteria as detailed below.
2.12.1 Qiagen plasmid kit
This method was performed using the Qiagen Q-100 column maxi-prep kit 
supplied by Diagen Ltd. (section 2.4.2). 150ml of bacterial culture was pelleted 
by centrifugation at 2,000xg for 30 minutes. The pellet was resuspended in 4mI 
buffer PI (lOOjug/ml RNase A, 50mM Tris/HCl, lOmM EDTA, pHS.O), transferred 
to a 25ml centrifuge tube and 4ml buffer P2 (200mM NaOH,1% SDS) added 
and the mixture left at room temperature for 5 minutes. 4ml of 3M sodium 
acetate was added, the solution mixed gently so as not to shear the genomic
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DNA and the mixture centrifuged at 15,000xg for 30 minutes, 4°C. The 
supernatant was immediately removed and applied to an equilibrated Qiagen 
100 column and allowed to drip through under gravity. 2 x 4ml of 1M NaCI 
50mM MOPS, 15% ethanol pH7.0, were passed through the column to elute 
any impurities such as small proteins or RNA fragments. The plasmid DNA was 
then eluted from the column with 2ml 1.25M NaCI 50mM Tris/HCl, 15% ethanol, 
pH8.0
To precipitate the plasmid DNA in a suitable volume, 0.7 volumes isopropanol 
were added, the mixture allowed to stand at room temperature for 30 minutes, 
followed by centrifugation at 15,000xg, 30 minutes, 4°C. The DNA pellet was 
washed in ice cold 70% ethanol, air dried briefly and resuspended in a suitable 
volume of sterile water.
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2.12.2 Magic max! preps
This was a kit supplied (at a later date) by Promega Ltd, similar to the Qiagen 
kit, but producing far greater yields of plasmid DNA per ml culture and using a 
simpler and faster process.
100-500ml bacterial cell culture was pelleted by centrifugation at 14,000xg for 
15 minutes and resuspended in 15 ml 50 mM Tric/CI pH7.5, lOmM EDTÂ, 
100/ig RNase A. A further 15ml of 0.2M NaOH,1% SDS was added to this 
mixture and the solution swirled gently to mix. The NaOH was neutralised by 
adding 2.5M potassium acetate, pH4.8 to the mixture and the mixture 
centrifuged at 14,000xg for 15 minutes. 0.6 volumes of isopropanol were 
added to precipitate the DNA, which was then pelleted by centrifugation at 
14,000 xg for 15 minutes. The pellet was resuspended in 2mI TE buffer (lOmM 
Tris/CI pH7.5, ImM EDTA).
Having obtained the DNA solution, it was further purified by binding to the 
purification resin (10ml added to the 2mI DNA solution obtained), the resin/DNA 
mixture being applied to a Promega maxicolumn, a vacuum was applied to the 
tip of the column to draw the mixture into the column. The column was washed 
with 2 X 12 ml 200mM NaCI, 20mM Tris/CI pH 7.5, 5mM EDTA, and then rinsed 
with 5mI 80% ethanol solution. The resin was then dried by leaving it under 
vacuum for a further 10 minutes. The column was placed in a 50 ml sterile 
screw cap tube, to which 1.5 ml sterile water at 65^0 was added and then 
centrifuged at 13,000xg for 5 minutes. The eluant from the column contained 
the DNA in solution and could then be used or stored at -20°C.
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2.13 UV SPECTROPHOTOMETRY
Concentration and purity of DNA and RNA in solution can be estimated by UV 
spectrophotometry. Both DNA and RNA have a wavelength of maximum 
absorption at 260nm. Hence by using the Beer-Lambert law, the concentration 
of nucleic acid in a sample may be determined. 2 to lOpl of sample were 
added to SOOpI water in quartz cuvettes (glass and plastic absorb light at 
260nm), and the absorbance value measured using a Uvicon 869 
spectrophotometer (Kontron instruments Ltd), against a water blank. 
Absorbance was measured from 200 to 320nm, to show where the peak value 
lay and also to give an estimation of purity, as protein absorbs maximally at 
280nm. Hence the ratio of Aaeonm to A280nm can be used as an estimation of 
sample purity, a ratio of 2.0 being indicative of pure DNA, a ratio of 1.8 
indicating pure RNA. Lower values generally indicate degradation or protein 
contamination. Higher values may be due to other Impurities such as phenol, 
which absorbs light at 270nm.
Concentration of nucleic acid solutions (pg/pl) is calculated as follows;
A260nm dilution conversion absorption
of X in X factor X coefficient 
sample cuvette ( jL/g/ml > pg/pl )
(1 optical density unit -  SOpg/ml DNA, or AOpg/ml RNA, therefore absorption 
coefficient for DNA=50 and for RNA=40)
By multiplying this figure by the volume of the sample obtained, the total yield
of DNA or RNA from any preparation can be determined.
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2.14 DNA PROBE SYNTHESIS
Having purified the plasmid DNA, it was necessary to excise the DNA 
sequence of interest so that it could be radiolabelled. Digestion with the 
appropriate restriction enzymes was carried out as in section 2.6.2 and the 
fragments obtained analysed by agarose gel electrophoresis with molecular 
weight markers as in section 2.7.1.
2.14.1 Removal of DNA from agarose gel.
Several commercial methods are available to remove DNA from agarose gel. 
However many of these require salt precipitation steps and the use of ethanol, 
both of which must be fully removed if the DNA is to be used for radiolabelling. 
Thus a simple method using low melting point agarose was used here, as 
published by Qian and Wilkinson, (1991).
Under UV light, the band corresponding to the DNA sequence of interest was 
cut from the low melting point agarose gel, using a sterile scalpel blade, 
ensuring that as little excess gel as possible was present. The gel slice was 
placed in a sterile microcentrifuge tube and spun briefly in a benchtop 
centrifuge to bring the agarose to the bottom of the tube. 3 volumes of TAE 
buffer were then added to the tube and the tube incubated at 65°C for 2 
minutes, or until the agarose had melted completely. The tube was placed in 
liquid nitrogen for 10 minutes and allowed to thaw at room temperature. Once 
the contents had thawed, the tube was tapped hard on the bench surface, 
whereupon the solution became turbid, due to aggregation of the agarose. The 
sample was spun at 14,000rpm in a benchtop microcentrifuge for 5 minutes, the 
supernatant removed to a clean tube, and 2 volumes 100% ethanol and 0.5 
volumes 3M sodium acetate added. The mixture was allowed to precipitate at 
-20°C overnight, centrifuged as above for 30 minutes, the supernatant
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removed, the pellet washed in 70% ethanol and resuspended in a suitable 
volume of sterile distilled water. The final concentration of DNA was then be 
determined spectrophotometricaly, as per section 2.13.
2.14.2 Radiolabelling of DNA probes.
Radioactive labelling of DNA sequences was carried out, for hybridisation to 
bound nucleic acid sequences. The Amersham Megaprime (Amersham 
international Ltd) system was used, whereby the template DNA is copied by the 
Klenow fragment of DNA polymerase I, in the presence of oligonucleotide 
(hexamer) primers, dATP, dGTP, dTTP and [a-32p]dCTP. The S2p laPei is 
therefore incorporated into all newly synthesised DNA, resulting in high specific 
activity of the probe.
25ng of template DNA was boiled for 5 minutes with 5pl of the solution of 
random hexanucieotide sequences in a total volume of lOpi made up with 
sterile water. This stage separates the double stranded DNA template and the 
subsequent return to room temperature allows the hexanucieotide primers to 
bind to complimentary sequences on the template strand. lOpI of nucleotide 
solution is added, followed by 2pl of enzyme solution, 23pl sterile water and 
finally 5pl Deoxycytidine 5'-[a-^^P]triphosphate. The reaction mixture was then 
incubated at 37°C for 10 minutes, to allow synthesis of complimentary strands 
(each DNA molecule synthesised is approximately 300 base pairs long) and 
the reaction stopped by the addition of 5pl, 0.2M EDTA. The probe was then 
boiled for 5 minutes, or passed through a Nick column (section 2.14.3), then 
boiled for 5 minutes and mixed with hybridisation buffer (section 2.15).
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2.14.3 Nick translation columns
These were employed to remove unincorporated radioactive nucleotides from 
the probe solution, as these would increase the non-specific signals obtained 
after radiography. With this source of non-specific signal removed, lower 
background darkening of autoradiographs was possible at lower stringency 
wash conditions. This is an important factor when using non-homologous 
probe/target sequence binding, because high stringency washes will result in 
removal of the probe from the target sequence as well as non specific sites.
A pre-packed Nick column (Sephadex G-50, 0.9 x 2.0 cm) was equilibrated 
with 3ml of lOmM Tris/CI pH7.5, ImM EDTA and the DNA probe reaction 
mixture applied to the column. 4 x 400ml of the above buffer were applied to 
the column, the eluant being collected in four separate microcentrifuge tubes, 
the radiolabelled DNA being in the second tube. The other tubes were 
discarded and the probe boiled for 5 minutes before addition to the 
hybridisation buffer of choice.
2.15 HYBRIDISATION OF RADIOLABELLED PROBE DNA TO 
TARGET SEQUENCES.
Several methods were available for hybridisation of radiolabelled DNA 
probes to target sequences immobilised on nylon membranes. All the methods 
included a prehybridisation stage, to block non-specific binding of probe to the 
membrane, a hybridisation step, and finally washing the membrane, at varying 
salt concentrations and temperatures to remove any binding of the probe to 
unrelated DNA or RNA sequences.
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2.15.1 Formamide method
This method is an adaptation of the method described in Sambrook et al 
1989, using a complex mixture of reagents in both the pre-hybridisation and 
hybridisation buffers (pre-hybridisation buffer; 50% deionised formamide, 1x 
Denhardt's reagent, 5 x SSC, 0.1 mg/ml Herring sperm DNA, 0.5% SDS, plus 
10% dextran sulphate for hybridisation buffer).
Membranes were pre-wetted in IxSSC for 15 minutes, and then transferred to 
perspex hybridisation bottles containing prehybridisation buffer at 42°C. It was 
important to have 1ml of buffer for every cm2 of membrane in the bottle to 
ensure good blocking of the non-specific sites on the membrane. The bottle 
was placed in a rotary oven (Hybaid Ltd) at 42°G overnight to give complete 
prehybridisation.
The following day the DNA probe of interest, having been synthesised, 
purified using a Nick column (section 2.14.3), and boiled for 5 minutes to 
disrupt the double stranding of the probe, was added to an appropriate volume 
of hybridisation buffer (1ml buffer per cm2 membrane) and then used to replace 
the pre-hybridisation buffer in the bottle. The bottle was incubated at 42°C 
overnight in a rotary oven. The following day the hybridisation buffer was 
discarded and the membranes washed as per section 2.16.
2.15.2 Amersham "Rapid hyb" method
This method used a ready made hybridisation buffer (for both pre­
hybridisation and hybridisation), supplied by Amersham International Ltd. (the 
composition of this buffer was not disclosed by the manufacturers).
Membranes were wetted as above (section 2.15.1), then placed in 0.5ml/cm2 
"rapid hyb" buffer, pre-warmed to 65°C and incubated in a Hybaid rotary oven 
for a minimum of 15 minutes (2 hours was found to be the optimum time ) at
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65°C. The radiolabelled probe (section 2.14.2) was boiled for 5 minutes and 
added to the "rapid hyb" buffer (1 labelling reaction provided enough probe for 
20 ml of "rapid hyb" buffer, enough for 40cm2 of membrane). The membranes 
were then incubated at 65°C with the probe in the rotary oven for 2 hours, the 
"rapid hyb" buffer discarded and the membranes washed as per section 2.16.
2.15.3 Formamide-adapted Church and Gilbert method
This method is an adaptation of the method described by Church and Gilbert 
(1984), incorporating 50% deionised formamide to reduce the annealing 
temperature of the probe to the target sequences.
Membranes were pre-wetted as per section 2.15.1, and pre-hybridised in a 
solution of 0.5M sodium phosphate buffer pH 7.0, 50% deionised formamide, 
ImM EDTA, 7%w/vSDS, Iml/cm^ membrane, in perspex bottles, in a Hybaid 
rotary oven at 42 °C, for two hours.
The radiolabelled probe was boiled for five minutes, as was a solution of 
40mM denatured salmon sperm DNA. Both probe and a 50/il aliquot of the 
salmon sperm DNA were added to a fresh aliquot of the prehybridisation buffer, 
pre-warmed to 42°C, and the mixture used to replace the pre-hybridisation 
buffer. Hybridisation was carried out at 42°C overnight in the rotary oven. After 
hybridisation was complete, the buffer was discarded and the filters washed as 
per section 2.16
2.16 STRINGENCY OF MEMBRANE WASHES
To remove any non-specific binding of radiolabelled probe to the membrane 
or to unrelated DNA/RNA species, washes with SSC solution were carried out. 
The higher the temperature of the wash, the more the hydrogen bonding 
between the probe and the nucleic acid sequence is weakened, because
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adding energy to the system will cause more frequent breaks between the base 
pairing hydrogen bonds which hold the strands together. Where the sequence 
is less similar, there will be fewer hydrogen bonds and this will allow the two 
nucleic acid strands to part more readily. Reduction of the salt concentration of 
the wash solution will also lower the level of binding to non-homologous 
sequences. Since the positive ions in the salt solution will counteract the 
negative charge of the phosphorous backbone of the DNA molecule, where the 
salt concentration is reduced, the neutralising effect of the solution is lessened 
and the repulsion between the two hybridised strands in a double-stranded 
sequence will increase, since like charges repel. Where sequence homology 
is low, the net charge is sufficiently strong enough to overcome the base- 
pairing and split the two strands of DNA. Hence, lowering the salt 
concentration of the solution will reduce the ability of poorly related sequences 
of nucleic acids to remain bound to each other.
It is possible therefore to remove unrelated base-pairing from the membrane 
by a step-wise increase in temperature and/or lowering of the salt concentration 
of the solution.
For all the hybridisations carried out throughout this work, mammalian DNA 
sequences were radiolabelled and used to probe marine invertebrate 
sequences. Despite the relative importance of the GPX enzyme in living 
systems, it must be assumed that throughout evolutionary development, certain 
tolerable mutations in the gene sequence of GPX have occurred and therefore 
high levels of similarity between probe DNA and target sequence were not 
expected. Therefore, only low stringency washes were applied to these 
experiments, in order to produce a strong signal against a relatively low 
background. Higher stringency washes would have reduced background 
levels of signal, but this would have been at the expense of obtaining a
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detectable signal for SeGPX DNA and mRNA sequences.
Standard wash procedure for experiments in this thesis were as follows 
Step 1) 100ml, 5xSSG +0.1%SDS, room temperature, 30 minutes 
Step 2) 100ml 2xSSG +0.1%SDS, 29°G, 30 minutes 
Step 3) 100ml IxSSG +0.1%SDS, 35°G, 15 minutes 
Step 4) 100ml IxSSG +0.1%SDS, 42°G, 15 minutes
2.17 AUTORADIOGRAPHY
The radiolabel incorporated into the DNA probe will cause darkening of 
photographic film upon exposure. Hence, where the DNA probe has bound to 
nucleic acid sequences on a filter membrane, the site of the nucleic acid can be 
determined by exposure to photographic film. Relative intensity and position of 
the darkening of the exposed film can give information on the size, 
concentration and specificity of hybridisation of the DNA or RNA sequences 
detected.
Membranes were placed in light-tight photographic cassettes, with two white, 
reflective enhancement screens, covered with Kodak X-AR 100 photographic 
film and placed in a black plastic bag, at -70°G for a minimum of 24 hours to a 
maximum of 2 weeks. Low temperatures activate the intensifying screens and 
are thought to cause crystallisation of the light-sensitive chemicals in the film 
and produce a sharper image on the film. The film was defrosted at room 
temperature for 30 minutes and processed in a Fuji medical film processor.
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2.18 DETERMINATION OF ANTIOXIDANT AND OTHER ENZYME 
ACTIVITIES
All sample preparations and enzyme assays were carried out as described 
below, unless stated otherwise in the thesis. All enzyme activities were 
measured by visible or UV spectrophotometry. Extinction coefficients for the 
enzyme assays (see sections 2.18.2 to 2.18.8) were, in cm-imM-T 6.22 
(NAD(P)H or NAD(P)+ at 340nm); 40 (H2O2 at 240nm); and 21 (DCPIP at 
600nm).
2.18.1 preparation of subcellular fractions
All procedures were carried out at 4°C. Subcellular fractions were prepared 
according to procedures developed for various tissues of M.edulis (Livingstone 
and Farrar, 1984, Livingstone etal 1992) and pyloric caeca of A.rubens (Den 
Besten etal 1990). Fresh or previously frozen tissues were homogenised in a 
1:10 tissue weight:buffer volume ratio, in lOmM Tris-HCI pH 7.6, containing 
0.5M sucrose and 0.15mM KCI, using an electrically driven Potter-Elverhéi^n] 
homogeniser. Homogenates were centrifuged at 500xg for 15 m inuteT^Mthe 
resulting supernatant at 10,000xg for 45 minutes. The 500-10,000xg pellet 
(mitochondrial/peroxisomal fraction) was resuspended in a reduced volume of 
homogenisation buffer, and an aliquot of the 10 ,000xg supernatant 
(cytosolic/microsomal fraction) passed down a prepacked Sephadex G-25 
column (Pharmacia PD-10 column; equilibration and elution buffer were the 
same as the homogenisation buffer). This removes low molecular weight ( < 5- 
lOkDa) compounds and ions which can interfere in the SOD assay. Catalase 
activity was determined in both the 500-10,000xg pellet, and the 10,000xg 
supernatant, whereas all other enzymes were assayed in the 10 ,000xg 
supernatant. These represent the major subcellular localisations of the
X '
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antioxidant enzymes, based on studies of the digestive gland of M.edulis 
(Livingstone et al 1992). Catalase is indicated to occur predominantly in 
peroxisomes its presence in the 500-10,000xg fraction and 10,0000xg 
supernatant being due to intact peroxisomes and the contents of broken-open 
peroxisomes respectively (Livingstone et al 1992). Enzymes were either 
assayed immediately, or after storage overnight at 4°C where there was no 
evidence of activity loss.
Enzyme activities were assayed on a Varian spectrophotometer (Cary 1), 
temperature controlled to 25±0.05°C. Assays were run in duplicate cuvettes 
(10mm path length). Enzyme activities were heatinactivatedK)0°C for 15 min), 
linear with sample (protein) concentration over at least a five-fold range, and 
linear with time (except SOD, which is measured as the percentage inhibition of 
reaction, section 2.18.5). Saturating concentrations for antioxidant enzymes 
were used as determined for digestive gland of M.edulis (Livingstone et al 
1992).
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2.18.2 Glutathione peroxidase assay (EC 1.11.1.9)
GPX activity was measured using an adaptation of the method of Paglia and 
Valentine (1967). Oxidation of reduced glutathione (GSH) by GPX was 
determined by measuring the rate of reduction of oxidised glutathione (GSSG) 
by glutathione reductase, which uses NADPH as a coenzyme. The reaction is-
ROOH
GLUTATHIONE
PEROXIDASE
GSSG 2 GSH
GLUTATHIONE
REDUCTASE
NADP +NADPH
where ROOM is the relevant hydroperoxide or H2O2 and ROM is the resultant 
alcohol or H2O.
The glutathione reductase was used in excess so that the step was not rate 
limiting. Spectrophotometric detection of NADPH levels was carried out at 
340nm, using either H2O2 (selenium - dependent activity) or cumene 
hydroperoxide (total GPX activity) as substrate. The selenium-independent 
activity is thought to be due to the catalytic activity of glutathione S-transferase 
(Lawrence and Burk 1976).
The assay conditions contained in a final volume of 1ml were; 100 mM 
K2HPO4/KH2 PO4 pH 7.5, 2mM GSH, ImM sodium azide (to inhibit catalase
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activity, which would compete for H2O2), 1 unit glutathione reductase. 0.12mM 
NADPH, 2mM H2O2 or 6mM cumene hydroperoxide and lOOpl sample, within
the range of 10 to 500mg/mi protein. GPX activities were calculated from the 
difference in rates of duplicate cuvettes run in the presence and absence of 
sample.
All components of the assay, except the peroxide substrate, were pipetted into 
a semi-micro 1.5ml plastic cuvette and pre-incubated at 25°G for at least 2 
minutes and the reaction was started by addition of the peroxide substrate to 
the cuvette, mixing by inversion. The pre-incubation period was also to ensure 
full reduction of any endogenous GSSG present in the sample.
2.18.3 Glutathione reductase assay (EC 1.6.4.2)
Glutathione reductase activity was measured by direct spectrophotometric 
detection of the decrease in NADPH absorbance at 340nm. The reaction is;
GSSG + 2NADPH +2H+ -> 2GSH + 2NADP+. 
where GSSG and GSH are oxidised and reduced glutathione respectively. 
The rate of reduction of GSSG is therefore proportional to the rate of decrease 
of absorption at 340nm. The assay conditions in 1ml reaction volumes were; 
lOOmM KH2PO4/K2HPO4 buffer pH7.5, ImM GSSG, 0.05mM NADPH and 
lOOjLil sample containing 10-500mg/ml protein. All components of the assay 
were added to semi-micro plastic cuvettes, except NADPH, and the cuvettes 
pre-incubated at 25°G for 2 minutes. The NADPH was added to start the 
reaction, mixing by inversion and following the reaction for 1 minute.
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2.18.4 Catalase assay (EC 1.11.1.6)
Catalase has a peroxidative function similar to that of GPX, the reaction being;
2H 2O 2 >  2H 2O  +  O 2
Catalase activity was measured directly as the decrease in absorbance at 
240nm, the decrease being relative to the rate of consumption of H2O2 by 
catalase in the cuvette. This method is based on that of Aebi (1974). The assay 
conditions, in a final volume of 3ml; were 50mM KH2 PO4/K2 HPO4 pH7.0, 
50mM H2O2 and 100//I sample containing 10-500mg/ml protein. Buffer and 
substrate were equilibrated to 25°C and pipetted into 3ml clear sided quartz 
cuvettes. The reaction was started by addition of the sample to the cuvette, 
mixed by inversion and the reaction followed for 1 minute.
2.18.5 Superoxide dismutase assay (EC 1.15.1.1)
This assay is based on the method of McCord and Fridovich (1969) 
measuring the inhibition of O2" generation (and subsequent reduction of 
cytochrome C), produced by the metabolism of hypoxanthine by xanthine 
oxidase.
Hypoxanthine + O2 > Xanthine + O2" > Uric acid + O2"
One unit of SOD activity is defined as the amount of sample producing 50% 
inhibition of cytochrome C reduction under the conditions of the assay, the 
reaction being;
F ^ h o 2 " +  2H +  >  H2O 2 +  F e ^
The assay conditions were, 1ml reaction volume, 43mM KH2PO4/K2HPO4, 
0.1 mM EDTA pH7.8 50/iM hypoxanthine, 5.7mU xanthine oxidase, 10/iM 
cytochrome C, lOOjLil sample, containing 10-500mg/ml protein. The rate of 
cytochrome C reduction was measured by adding all the reagents of the assay 
except the sample, replacing the sample with homogenisation buffer and
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starting the reaction by addition of xanthine oxidase. The linear rate of 
cytochrome C reduction was adjusted, by alteration of xanthine oxidase 
concentration, to about 0.02 OD units per minute. The samples were 
subsequently assayed, the reaction was started by addition of xanthine 
oxidase, sample volumes chosen to give approximately 50% inhibition of 
cytochrome reduction. The contents of the cuvette were mixed by inversion and 
the assay continued for 1 minute.
2.18.6 DT- Diaphorase assay
(Quinone oxidoreductase EC 1.6.99.2.)
This method is based on that of Ernster (1967). DT-diaphorase catalyses the 
2-electron reduction of quinones and other electron acceptors.
Quinone + NAD(P)H + H+ -> Hydroquinone + NAD(P)+
Reduction of the compound dichlorophenol-indophenol (DCPIP) by DT-
diaphorase and other flavoprotein reductases can be followed by the decrease
in absorbance of DCPIP at 600nm. Both 1-electron and 2-electron reduction
are possible and the contribution of DT-diaphorase is detected by its inhibition
by dicumarol (3,3-methylene-bis[4-hydroxycumarin]). The rate of reduction of
DCPIP was measured in the presence and absence of dicumarol, the DT-
diaphorase activity being determined by the proportion of the total activity
inhibited. As both NADH and NADPH may be used by DT-diaphorase, both
activities were measured. The assay conditions were as follows, in 1 ml final
volume; 50mM Tris-HCI pH 7.6, 0.3mM NADPH or NADH, 40pM DCPIP, 100/l/M
dicumarol in 0.15% NaOH or 0.15 % NaOH alone, 100//I sample containing 10-
500mg/ml protein. All the reagents were added to the cuvettes except for the
coenzyme, incubated at 25°C for 5 minutes and the reaction started by addition
of NADH or NADPH. The reaction was followed for a minimum of 1 minute,at 
BOOnm.
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2.18.7 Lactate dehydrogenase assay (EC 1.1.1.27)
Lactate dehydrogenase activity was assayed as described by Bergemeyer, 
1974.
Pyruvate + NADH + H+ > L-Lactate + NAD+
The oxidation of NADH can be followed by the decrease in absorbance at 
340nm, hence the fall in NADH levels in the reaction mixture in relation to time 
can be used to represent the catalytic rate of the lactate dehydrogenase. The 
assay conditions in a 1ml reaction volume were, 50mM potassium phosphate 
pH7.5, 5.4mM sodium pyruvate, 0.39mM NADH, 100)l/I sample containing 10- 
500mg/ml protein. The substrate, buffer and coenzyme were temperature 
equilibrated in semi-micro plastic cuvettes and the reaction started by addition 
of the sample.
2.18.8 Maiate dehydrogenase (EC 1.1.1.37)
Malate dehydrogenase activity was assayed as described in Livingstone 
(1976) by the decrease of absorbance at 340nm, due to NADH oxidation. The 
reaction is as follows;
Oxaloacetate + NADH + H+ -> L-Malate + NAD+
The assay conditions were 50m(VI Tris/CI pH7.6, ImM cis-oxaloacetic acid, 
0.2mM NADH, lOOjul sample containing 10-500mg/ml protein. All reagents 
were added to plastic semi-micro cuvettes, temperature equilibrated, the 
reaction started by addition of the sample and followed for 1 minute.
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2.18.9 Lowry protein assay
The protein content of cytosolic samples was estimated using an adaptation of 
the method of Lowry et al (1951), by reference to bovine serum albumin 
standards (BSA fraction V). All samples and standards were assayed in 
duplicate. Samples were diluted 1 ;50 or 1:100 in 250 jj\ of water in 4mI plastic 
disposable tubes and 230/jI of solution A (0.2% potassium sodium tartrate, 1% 
sodium carbonate, 0.5M sodium hydroxide solution) added. The tubes were 
incubated at 50°C for 10 minutes in a water-bath, then removed and 50pl 
solution B (2% potassium sodium tartrate, 1% CUSO4 , 0.1 M sodium hydroxide) 
added. The tubes were then left to stand at room temperature for 10 minutes, 
followed by addition of 750//I 1:15 v/v dilution of Folin & Ciocalteau’s phenol 
reagent in distilled water and a further 10 minutes incubation at 50°C. The 
absorbance of samples and standards was measured at 650nm, using plastic 
semi-micro cuvettes. Standards of 0.2, 0.1, 0.06, 0.04, 0.02 and 0.01 mg/ml 
BSA were used to prepare a calibration curve, from which the protein content of 
each sample was estimated. Blanks of 250fj\ water and of 250ml water plus 
2.5jL/l or 5jj\ homogenisation buffer were used for the determination of 
background absorbance at 650nm for the standards and samples respectively.
2.19 HYDROXYL RADICAL PRODUCTION
The potential NAD(P)H-dependent hydroxyl radical production (-OH) of tissue 
cytosol, using 500xg supernatant prepared as in section 2.18.1, was measured 
using the method of Cohen and Cederbaum (1980) and Winston at a! (1990). 
The scavenging agent 2-keto-4-methiolbutyric acid(otKMBA) is oxidised to 
ethylene by -OH, generated from O2" and H2O2. Ethylene was determined by 
direct measurement of an aliquot from the head space of rubber-septum-sealed 
flasks by gas chromatography. Hydroxyl radical production was promoted by
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the addition of ferric EDTA to the assay system, the Fe entering into redox 
cycling via the Ha ber-Weiss reaction (see section 1.2.1). The concentration of 
Fe was chosen as being saturating (Livingstone et al 1989a, Winston et al 
1990). Other oxidants such as alkoxyl radicals are also detectable by this 
method, but -OH has been shown to represent approximately 90% of the 
oxidant formed in iron catalysed Hat ber-Weiss reactions (Winterbourn 1987).
The following conditions were set up in a 3ml reaction in 25ml conical flasks 
at 25°C; 0.1 M potassium phosphate buffer pH 7.4, lOmM MgCIa, lOmM sodium 
azide (to inhibit endogenous catalase), 75jumFeCl3/150/vlVI EDTA, lOmM 
KMBA, 300JL/I of the 500xg sample (10-500mg/ml protein) were then added and 
the reaction started by addition of NADH/NADPH, (either 0.7mM or 0.6mM 
respectively). 1ml samples of gas were taken with a gas tight Icc plastic 
syringe, at 30 and 60 minute intervals and analysed by immediate injection into 
a Varian 2700 gas chromatograph, containing a poropack 0-column (80/100 
mesh) and a flame ionisation detector. Operating conditions were; 50°C 
column, 180°C detector, and carrier gas (nitrogen) flow 30ml/min. The 
retention time for ethylene was 1.8 minutes, production of ethylene was 
quantified using a serial dilution of ethylene standards, prepared under the 
same incubation conditions.
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2.20 WESTERN BLOT ANALYSIS OF GPX PROTEIN CONTENT
The analysis consisted of SDS polyacrylamide gel electrophoresis, followed 
by eiectrobiotting onto nitrocellulose and immunochemical detection of SeGPX, 
using 10,000xg supernatant preparations of tissue as described in section 
2.18.1. This methodology involved a significant amount of development, which 
is presented in chapter 4. The method presented here is the standard, 
optimised method for the detection of SeGPX protein in marine invertebrate 
samples using, a sheep anti-human SeGPX polyclonal antibody.
2.20.1 SDS polyacrylamide gel electrophoresis (SDS-PAGE)
The proteins present in the samples were separated according to molecular 
weight, by electrophoresis through a denaturing polyacrylamide gel. Samples 
containing 20 -lOOjug protein were diluted with 20/il of sample solubilisation 
buffer (62.5mM TrisHGI, pH 6 .8 , 2.3%SDS(w/v), 15%(w/v) glycerol, 5%(v/v) 2- 
mercaptoethanol, 0.001 %(w/v) bromophenol blue), and boiled for 5 minutes 
before loading into the wells of a 15% polyacrylamide gel. This gel slab 
consisted of a 5cm 3% polyacrylamide stacking gel, (to used to concentrate the 
proteins to a narrow band), above a 10cm 15% gel, used to separate the 
proteins in the sample. Gels were made up as in table 2.20.1
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Table 2.20.1 SDS-PAGE gels used for western blotting of SeGPX
15% separating gei-
Acrylamide solution (30%) 
Bis-acrylamide solution(2%) 
TriHGI(1.5M, pH8 .8) 0.4% SDS 
water
Ammonium persulphate (10%) 
TEMED
12.16ml
5.65ml
6.38ml
0.81ml
125jL7l
20jUl
3% Stacking gei-
Acrylamide solution(30%) 
bis-acrylamide(2%) 
TrisHGI(0.5M pH6 .8), 0.4%SDS 
water
Ammonium persulphate(10%) 
TEMED
lOOOjL/l
400jul
2500^1
6000jL/l
lOOjUl
20/71
Electrophoresis was carried out in a standard vertical gel apparatus using 
25mM TrisHGI buffer pH8.3, 192mM glycine, 0.1%SDS, at an initial current of 
20 milNAmps. When the samples had reached the interface of the upper and 
lower gels, the current was increased to 40 milliamps and the proteins allowed 
to migrate through the separating gel until the bromophenol blue dye had 
reached 1cm distance from the bottom of the gel.
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2.20.2 Transfer of proteins to nitrocellulose membrane.
The gel was taken from the electrophoresis apparatus and submerged in 
transfer solution (20mMTris, 150mM glycine, 20%(v/v) methanol) for 1 hour, 
allowing the gel to expand before transfer and therefore avoiding distortion of 
the gel during transfer. During this time, four pieces of Whatman 3MM paper 
and one piece of nitrocellulose membrane were cut to the size of the gel, and 
soaked in transfer buffer.
After one hour, the membrane was placed on two sheets of Whatman paper, 
the gel placed over this, two more pieces of Whatman paper placed on top and 
the whole set-up placed between two pieces of Scotchbrite pad in a plastic 
cartridge. The cartridge was placed in an electrophoresis tank filled with 
transfer buffer, so that the nitrocellulose was between the gel and the anode, 
and 20mV passed through the buffer in the tank, overnight.
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2.20.3 Immunological detection of SeGPX protein on nitrocellulose 
membrane.
The proteins transferred onto nitrocellulose membrane were subsequently 
tested for the presence of SeGPX protein as follows-
The membrane containing the protein samples was soaked in 200ml PBSBT 
buffer (8g/INaCI, 0 .4g/IKH2Fq .^3H ^ g / I N a ^  0.2g/l KCI, 10g/l
bovine serum albumen fraction V, 0.2% v/v Triton X-100) for 30 minutes, on a 
rotary shaker, followed by a further 30 minutes in fresh PBSBT buffer.
The PBSBT was discarded and the GPX antibody solution added. This was a 
solution of sheep anti-human glutathione peroxidase IgG faction, in 50ml of 
PBS buffer (as PBSBT, without BSA or Triton X-100). The optimum antibody 
dilution factor was found to be 1 ;2500^ (chapter 4), which represented 20pl 
antibody solution per 50 ml buffer. Approximately 0.5ml antibody solution was 
used per cm^ membrane. The antibody solution was left on the membrane for 
30 minutes, on a rotary shaker.
Having incubated the membrane with the antibody solution, it was washed 
with 6 x 5  minute washes in 200ml PBSBT and the secondary antibody solution 
added. This was a 1 in 6000 dilution, in PBS, of donkey anti-sheep IgG 
antiserum, conjugated to a horseradish-peroxidase enzyme label 
(immunoglobulin.enzyme ratio 1:1). Again 0.5ml solution per cm^ membrane 
was used, shaking the membrane for one hour in the solution. After this 
incubation, a further 6 x 5  minute washes in PBSBT were carried out followed 
by two 15 minute washes in PBS buffer. The membrane was then ready for 
visualisation of the SeGPX protein.
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2.20.4 Enhanced chemîluminescence (ECL) visualisation of SeGPX  
Protein.
The enhanced chemiluminescence (ECL) kit used was supplied by 
Amersham international. The system uses H2O2 and the horseradish 
peroxidase label on the secondary antibody to catalyse the oxidation of luminol 
(a cyclic diacylhydrazide), which subsequently decays and emits light at a 
wavelength of 428nm.
Luminol + H2O2 > Luminol oxide + N2
The presence of phenolic compounds in the reaction mixture is used to give 
approximately 1000-fold increase in light emission. This light emission can be 
detected using photographic film, as in autoradiography.
Equal volumes of the two detection reagents required were mixed in a 
universal bottle, to give a final volume of 0.125ml/cm2 membrane. The 
membrane was placed in a clean container and ECL reagent poured over the 
membrane, making sure that it was evenly covered, and allowed to stand for 1 
minute precisely. The excess reagent was drained from the membrane and the 
membrane wrapped in cling film, excluding air from the film. The membrane 
was secured in a light tight cassette and exposed to pre-flashed Kodak X-AR 
film for between 5 seconds and 15 minutes, depending on the strength of the 
light emission from the membrane. The film was then developed using the Fuji 
medical film processor.
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2.21 SCANNING DENSITOMETRY
Analysis of photographic results obtained either by Western blotting and ECL 
detection, or by Northern analysis autoradiography, could be quantified, using 
a scanning densitometer, (the Shimadzu model CS9001). The machine 
transmits a beam of light of a given wavelength (in the case of Kodak X-AR film, 
the wavelength of maximum absorption was found to be 550nm), through the 
photographic film, recording the relative intensity of the light received at the 
other side and displaying it as an inverse image. Hence where the film was 
lightly exposed, a high proportion of the original light intensity would be 
received and displayed as a low value on the readout. By comparison, where 
the film was darker, more light would be absorbed, less would be detected by 
the machine, and a higher value would be displayed as a result. The beam 
scanned across the photographic film along the lanes of electrophoresis gels, 
(or rows of slotblots), taking into account the background intensity of the film at 
the same time. By applying this method to the Western or slot blot results, it 
was possible to use the relative intensity of bands on photographic film, to 
deduce the relative quantities of fixed antibody label or radiolabelled probe to 
which the film had been exposed. As these quantities were expected to be 
relative to the quantities of antigen or target nucleic acid sequence, the data 
from the densitometry could then be said to be relative to the quantities of 
antigen or nucleic acid sequence present on the membrane of interest.
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CHAPTER 3
TISSUE DISTRIBUTION OF GLUTATHIONE PEROXIDASE, 
RELATED ANTIOXIDANT ENZYMES AND ENDOGENOUS 
ROS GENERATION POTENTIAL IN M.edulis, P.maximus,
A.rubens and C.maenas.
3.1 INTRODUCTION
Extensive use of M.edulis as a bioindicator species in monitoring pollution 
(Goldberg et al 1978), plus their convenience as experimental organisms, has 
resulted in a significant amount of knowledge on their biochemistry, including 
organic xenobiotic metabolism, ROS generation and antioxidant protection 
(Livingstone 199la, 1992). However little is currently known of these systems in 
P.maximus, A.rubens and C.maenas. (Livingstone 1991a), whereas much more 
is known in the case of mammals and in particular rodents.
_ Antioxidant enzymes have a wide tissue distribution, dependent on sources of 
ROS production (Ahmad 1989, Tappel etal 1982). In marine animals, marked 
tissue differences in GPX activity have been observed by Livingstone et al 
(1990) and Winston and DiGiulio (1991). This includes fish such as the Atlantic 
cod Gadus morhua (Lemaire et al 1993). Thus the main purpose of the work 
presented in this chapter was to establish the main tissue localisation of both 
SeGPX and total GPX activities in the four species and also distribution of (and 
thereby relationship of GPX with) other key antioxidant defence enzymes, 
(SOD, catalase, glutathione reductase, and also DT-diaphorase, which 
prevents organic xenobiotic-mediated ROS generation). The maximal rates of 
NAD(P)H-dependent -OH generation were also determined, as a measure of 
the basal ROS production potential for each of the tissues studied.
The data obtained was hoped to provide baseline information for designing 
further experiments, by providing insights into the likely regions and sources of
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oxidative stress in each animal, insights into the natural sources of oxidative 
stress and also of the relative importance and function of each enzyme in 
antioxidant protection.
The tissues were chosen in terms of importance in
1) xenobiotic metabolism,
2) respiration,
3) low potential ROS production
4) storage/reproductive tissue.
Hence the tissues were respectively for M.edulis, P. maxim us, A.rubens and 
C.maenas,
1) Digestive gland, digestive gland, pyloric caecum, hepatopancreas
2) Gill, gill, upper skin, gill
3) Posterior adductor muscle, catch adductor muscle, tube feet, major claw 
muscle
4) Mantle, mantle, central internal tissues (inc. stomach), gonads.
Enzyme activity measurements were made using the subcellular fractions in 
which they were mainly thought to be localised, based on the results of 
Livingstone ef a/(1989, 1992) and Winston and DiGiulio (1991) using M.eduHs 
digestive gland and other aquatic species.
3.2 MATERIALS AND METHODS
All animals were collected from their natural habitats and kept under the 
conditions given in section 2.2. Pooled tissues of mixed-sex animals were 
dissected, frozen in liquid nitrogen and stored at -70°C before use. Tissues 
and numbers of samples are given in the introduction and results sections. 
Cytosolic fraction preparation for enzyme activity determination was as
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described in section 2.18.1 and all enzyme assays were carried out in duplicate 
at25°C, as described in section 2.18. Endogenous NAD(P)H-dependent -OH 
generation potentials were measured as described in section 2.19.
Total RNA was prepared according to the adapted method of Cathala et al 
(section 2.4.1), as this was the only method available at the time of performing 
the experiment. A further discussion of RNA preparation will be given in 
chapter 4.
Slot blotting, radiolabelled probing, stringency washes, autoradiography and 
densitometry were carried out as detailed in sections 2.10.1 to 2.17. 
Membranes were probed with the human SeGPX gene (Xho I fragment) from 
plasmid pGP71 (Dunn 1990), and standardised by probing with the rat actin 
gene, a "house-keeping" gene thought to be equally expressed in all tissues.
3.2.1 Statistical analysis
Values are presented as means ± SEM (n = 4). Values were compared by 
two-tailed student's t-test, or by determination of correlation coefficient, using 
the Macintosh Statview 512+ package.
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3.3 RESULTS
3.3.1 Enzyme activities
The antioxidant enzyme activities in the different tissues and species are 
presented in Figures 3.3.1.1 to 3.3.1.7. SeGPX activity throughout the species 
tended to be highest in the digestive tissues (digestive gland, pyloric caeca, 
hepatopancreas), with the exception of C.maenas, where activity in the gill was 
slightly higher (Figure 3.3.1.1). In the M.eduUs, P.maximus and A.rubens, 
SeGPX activity in the digestive tissue was between three and five-fold higher 
than in the remaining tissues (results significant only in the pyloric caeca of 
A.rubens (p < 0.05)). Variation in SeGPX activity between the non-digestive 
tissues was rarely greater than two-fold. Correlation of tissue type and SeGPX 
activity for tissues of different species gave r^ values between P.maximus 
/M.eduHs 0.S5, P.maximus / A.rubens 0.84 and A.rubens / M.eduUs 0.94 (p < 
0.05), indicating a relationship between tissue-type, SeGPX activity and 
antioxidant status in all three species. In C.maenas, the overall levels of 
SeGPX activity were around six-fold less than for the other species and inter­
tissue variation was limited compared with the other species ( r^ values for the 
different tissues between C.maenas and other species were < 0.2). SeGPX 
activity in respiratory tissues of the four species (gills, skin), was not markedly 
high compared to other tissue-types.
Compared to SeGPX activity, total GPX activity inter-tissue variation was far 
less pronounced for each species, the maximum difference being about 40% 
{A.rubens, pyloric caeca and feet)(Figure 3.3.1.2). With the exception of 
P.maximus, highest levels of total GPX activity again appeared to be in the 
digestive tissues. In C.maenas, due to high variability, only activity in the 
muscle was significantly lower than in other tissues. Levels of activity in the two 
molluscan species were similar. A.rubens had the highest overall total GPX
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activity compared to other species and in C.maenas, consistent with the results 
for SeGPX, the activity was about four- to six-told less than for other species.
The levels of SOD activity varied between the four species, the highest values 
being recorded in M.eduHs, where digestive gland and mantle levels were 
approximately double the values recorded in the digestive tissues of the other 
species ( Figure 3.3.1.3). In all four species the digestive tissues had the 
highest activities of the different tissues. No other pattern between the 
remaining tissue-types was apparent. Consistent with the results for SeGPX 
and total GPX activity, SOD activities were generally lowest in C.maenas .
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Figure 3.3.1.1 Selenium-dependent glutathione peroxidase activity in different
tissues of M.ecfu//s P.maximus A.rubens and C.maenas.
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Figure 3.3.1.2 Total glutathione peroxidase activity in different tissues of
M.eduHs P.maximus A.rubens and C.maenas
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All values are mean ± SEM, n = 4
** Indicates value which differs significantly from the highest value for that species P < 0.01
a, indicates values which differ significantly P < 0.05
b, indicates values which differ significantly P < 0.001
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Figure 3.3.1.3 SOD activity in different tissues of M.eduHs, P.maximus, A.rubens
and C.maenas.
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Cataiase activity was higher in the digestive tissues than the other tissues in 
all species except C.maenas (for A.rubens this included both pyloric caeca 
and stomach)(Figure 3.3.1.4). \n M eduHs and F:maximus the respiratory 
tissues had the second highest levels of activity, whereas in A.rubens the 
stomach had the second highest. The muscular tissues were lowest in activity 
in all species except C.maenas. With the exception of the digestive tissues, the 
levels of cataiase activity between species did not vary greatly, and was 
generally low In the other tissues. Variation between digestive tissue activity 
was In the order M.eduHs> A.rubens> P.maximus> C.maenas . Correlation of 
activity to tissue-type gave a positive correlation for M.eduHs and P.maximus 
(r2 = 0.99, p<  0.01)
Glutathione reductase activity was similar in three species, with considerably 
higher levels of activity in P.maximus (Figure 3.3.1.5). Distribution between 
tissues was very similar for both molluscan species (r^ = 0.96, p < 0.05), with 
activity highest in the digestive gland, followed by the gills. In contrast, in 
A.rubens and C.maenas , no significant differences were detected between 
any tissue-types.
The results for the correlations between different antioxidant enzyme activities 
across the tissue types of each species are presented In table 3.3.1. Greater 
correlation was evident between SeGPX and glutathione reductase activity (r^ 
= 0.56 to 0.96) than for total GPX and glutathione reductase activity (r^ = 0.16 to 
0.94). SeGPX activity correlated well with cataiase activity, except for In 
C.maenas , whereas correlation between SOD and cataiase activities was 
marked in M.edL//7s and A. mbens.
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Figure 3.3.1.4 Cataiase activity in different tissues of M.eduHs, P.maximus,
A.rubens and C.maenas.
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Figure 3.3.1.5 Glutathione reductase activity in different tissues of M.eduHs,
P.maximus, A.rubens and C.maenas.
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Table 3.3.1 Correlation coefficients of tissue distribution of major antioxidant
enzymes in four marine invertebrates
SPECIES M.eduHs P.maximus C.maenas A.rubens 
ENZYMES
SeG PX vs
Total GPX 0.03 0.98** 0.43 0.54
SeGPX vs
Glutathione 0.71 0.78 0.96* 0.56
reductase
Total GPX vs
Glutathione 0.16 0.73 0.38 0.94*
reductase
SeGPX vs 0.86 0.79 0.21 0.86
SOD
SeGPX vs 0.89 0.71 0.01 0.94*
cataiase
Cataiase 0.72 0.29 0.37 0.77
vs SOD
Values are r^ values of paired regression comparisons. Values marked * indicate significant 
correlation, p < 0.05. Values marked ** indicate significant correlation, p < 0.01 
For details of tissues and activities see Figures 3.3.1.1 to 3.3.1.5
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Putative NADH-dependent DT-diaphorase activity was detected in all of the 
tissues in all four species, activity being highest in the digestive glands of the 
molluscan species (Figure 3.3.1.6). The activities recorded in the A.rubens and 
C.maenas showed low levels in the digestive tissues in comparison to the other 
tissue types. Very little variation was evident in A.rubens where the activity was 
approximately ten-fold less than in the digestive gland of M.eduHs.
NADPH-dependent putative DT-diaphorase activity was lower than the 
NADH-dependent activities (Figure 3.3.1.7) in the tissues of M.eduHs and 
P.maximus , but the reverse was seen for A.rubens and C.maenas. Also, in 
contrast to the NADH-dependent activities, the activity in the digestive tissues of 
the other species was similar to the levels in the M.eduHs tissues. No activity 
was detected in the gill and mantle of P.maximus.
Considering all the activities across the different tissue-types in the four 
species, similar patterns were evident for SOD (Figure 3.3.1.3), cataiase 
(Figure 3.3.1.4) and NADH-dependent DT-diaphorase (Figure 3.3.1.6). 
Glutathione reductase (Figure 3.3.1.5) and NADPH-dependent putative DT- 
diaphorase (Figure 3.3.1.7) activities did not fit any pattern, whereas some 
similarity was evident between SeGPX (Figure 3.3.1.1) and total GPX activity 
(Figure 3.3.1.2).
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Figure 3.3.1.6 NADH-dependent putative DT-diaphorase activity in different
tissues of M.eduHs, P.maximus, A.rubens and C.maenas.
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Figure 3.3.1.7 NADPH-dependent putative DT-diaphorase activity in different
tissues of M.eduHs, P.maximus, A.rubens and C.maenas.
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3.3.2 SeGPX mRNA levels
The patterns of SeGPX mRNA levels generally followed the patterns of 
SeGPX activity for the tissues of the two bivalve species, with the mRNA levels 
highest in the digestive gland (Figure 3.3.1.1). Correlation between SeGPX 
mRNA and enzyme activity levels was also evident for the other tissues (overall 
r^ values 0.63 and 0.83 for M.eduHs and P.maximus, respectively), except for 
the mantle of P.maximus, which showed high enzyme activity but low mRNA 
levels. In contrast, mRNA levels varied little in A.rubens (Figure 3.3.2.1), 
whereas SeGPX activity was markedly higher in the pyloric caeca (Fig 3.3.1.1). 
The reverse was found for C.maenas, with greater tissue variation in mRNA 
level (Figure 3 3.2.1) than SeGPX activity (Figure 3.3.1.1), although low mRNA 
level was correlated with low activity in the muscle. Overall there was greater 
species similarity in SeGPX mRNA levels than enzyme activity.
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Figure 3.3.2.1 Levels of mRNA for SeGPX In different tissues of M.eduHs,
P.maximus, A.rubens and C.maenas.
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Values indicated differ significantly from highest value in that group. 
* p < 0.05, ** p < 0.01, *** p < 0.001 
Values marked a, b, or c, differ significantly, p < 0.05
Values are mean ±SEM, n = 4
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3.3.3 Endogenous ROS production potentials (a-KMBA oxidation)
Highest tissue rates of NADH-dependent KMBA oxidation varied little 
between species, the highest values being found in the digestive tissue (Figure 
3.3.3.1). Other than this, little variation was detected between the tissues for 
each species. However, the non-digestive tissues of C.maenas and A.rubens 
showed much higher rates of oxidation than the two molluscan species. In all 
species the respiratory and muscle tissues had the lowest rates of NADH- 
dependent KMBA oxidation.
Somewhat greater variation between both tissue-type and species was 
observed for the NADPH-dependant KMBA oxidation, compared with the 
NADH-dependant rates (Figure 3.3.3.2). NADPH-dependent rates obtained for 
M.eduHs and C.maenas were between two- and ten-fold higher than those for 
the two other species. In all cases, except A.rubens, the digestive tissue had 
the highest rate of KMBA oxidation. In A.rubens, the NADPH-dependent rates 
were similar for feet and pyloric caeca. P.maximus had low rates of NADPH- 
dependent KMBA oxidation compared to the other species. KMBA oxidation 
was generally less for NADPH- than NADH-dependant rates.
The correlation coefficients showing the relationship between antioxidant 
enzyme activity and KMBA oxidation for the different tissue-types of each 
species are given in Table 3.3.2. Marked species differences are apparent. 
Whereas good correlation was observed between NADH-dependent putative 
DT-diaphorase activity in the two bivalve species (r^ = 0.97 to 0.99). This was 
absent in the other two species (r^ = 0.04 to 0.66). Generally, correlation 
between antioxidant enzyme activities and KMBA oxidation were better for the 
bivalve species than C.maenas and A.rubens. NB All enzyme activity and 
KMBA oxidation data are presented in terms of gram wet weight. Conversion to 
per mg protein is possible using the data given in Table 3.3.3
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Figure 3.3.3.1 NADH-dependant -OH production (a-KMBA oxidation to
ethylene) in 500g supernatants of different tissues of M.eduHs, P.maximus,
A.rubens and C.maenas.
O   u
T o  
£§
30 n
20  -
1 0 -
a,c
a,b
T J  =  4J ^
i ® s IW 3 ^
%CD Ü3■oT3 .s>
o
3•oTÎ
M.eduHs P.maximus A.rubens C.maenas 
All values are mean ± SEM, n = 4
Values indicated differ significantly from highest value for that species,
* p < 0.05, ** p < 0.01, *** p < 0.001 
Values marked a, b, differ significantly, p < 0.001 
Values marked c differ significantly p < 0.05 
The maximal endogenous potential for ROS production was assessed by the NADH-dependent
in vitro product of OH via an Iron/EDTA mediated Haber- Weiss reaction in 500g supernatant of 
the tissues.
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Figure 3.3.3.2 NADPH-dependant OH production (a-KMBA oxidation to
ethylene) in 500g supernatants of different tissues of M.eduHs, P.maximus,
A.rubens and C.maenas.
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All values are mean ± SEM, n = 4
Values indicated differ significantly from highest value for that species, * p < 0.05, ** p , 0.01 
Values marked a, b, differ significantly, p < 0.01 
Values marked c, differ significantly, p < 0.001
The maximal endogenous potential for ROS production was assessed by the NADPH- 
dependent in vitro product of OH via an Iron/EDTA mediated Haber-Weiss reaction in 500g 
supernatant of the tissues.
104
Table 3.3.2 Correlation coefficients of endogenous a-KMBA oxidation rates
with antioxidant enzyme activities in the major tissues of four marine
invertebrates.
i) NADH-dependent rates
ENZYME M.eduHs P.maximus A.rubens C.maenas
SeGPX 0.87 0.98** 0.99** 0.16
Total GPX 0.04 0.99** 0.48 0.82
SOD 0.71 0.69 0.58 0.96*
Cataiase 0.99*** 0.97* 0.91* 0.56
Glutathione
reductase 0.89 0.75 0.51 0.08
DT-D
(NADH) 0.99** 0.97* 0.04 0.25
DT-D
(NADPH) 0.77 0.37 0.02 o.oot
ii) NADPH-dependent rates
ENZYME M.eduHs P.maximus A.rubens C.maenas
SeGPX 0.88 0.98* 0.11 0.40
Total GPX 0.01 0.99*** 0.77 0.88
SOD 0.66 0.67 0.03 0.91*
Cataiase 0.99** 0.97* 0.20 0.40
Glutathione
reductase 0.82 0.70 0.75 0.27
DT-D
(NADH) 0.97* 0.98*** 0.19 0.66
DT-D
(NADPH) 0.72 0.41 o.oot 0.11
a-KMBA 0.99** 0.99** 0.08 0.92*
(NADH)
Values are r^ values of paired regression comparisons, values indicated show significant 
correlation, * p < 0.05, ** p < 0.01, *** p < 0.001, f  indicates no correlation, p > 0.99.
For details of tissues and activities see figs 3.3.1.1 to 3.3.1.7 and 3.3.3.1 and 3.3.3.2 
SOD, superoxide dismutase, GPX glutathione peroxidase, DT-D DT-diaphorase
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Table 3.3.3 Protein / gram wet weight of tissue samples
TISSUE
PROTEIN (mg/g wet weight)
Digestive Gill Muscle
tissue /skin /foot
Reproductive
/Storage
M.eduHs 38.5 22.8 42.0 29.8
P.maximus 81.8 25.6 64.9 24.0
A.rubens 96.3 19.3 27.1 59.5
C.maenas 217 60.1 103 40.2
All values are mean, n = 4, details of tissues given in methods
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3.4 DISCUSSION
Whilst studies of antioxidant enzymes and NAD(P)H-dependent ROS 
generation have been carried out in subcellular fractions of a number of marine 
invertebrates (Livingstone 1991a, Winston et al 1990, Winston and DiGiulio 
1991, Lemaire and Livingstone 1993), no data was available linking the two 
with respect to tissue type, or for three of the species {P.maximus, C.maenas, 
and A.rubens ) in the present study. Also, in vitro NAD(P)H-dependent ROS 
production had previously been determined for individual subcellular fractions, 
such as microsomes and cytosol, rather than representing the whole tissue 
potential (i.e. 500xg supernatants). The current study was therefore carried out 
not only to provide baseline data on antioxidant enzyme presence and 
endogenous ROS potential, but also data for species and tissue comparison. 
This was expected to give an indication of the relative importance of internal 
and external sources of ROS generation in these animals and to explore the 
evolutionary changes undergone by them to combat ROS from particular 
sources of stress. Of central importance in the study was the relationship 
between SeGPX and other antioxidant enzyme activities and also SeGPX 
activity and mRNA levels.
3.4.1 Relationships between antioxidant enzymes
Previous studies have shown the presence of SOD, cataiase and GPX 
activities in several sessile bivalves (Blum and Fridovich 1984, Shick and 
Dykens 1985, Wenning and DiGiulio 1988a,b), including M.eduHs (Livingstone 
et ai 1990, 1992, Winston et al 1990). Much less information is available for 
Crustacea, but cataiase has been detected in several species (Yokata 1970). 
Nothing is known of antioxidant enzyme activities in echinoderms, or DT- 
diaphorase in any marine invertebrate species other than M.eduHs (Livingstone
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eta! 1989).
Antioxidant enzyme activities in the present study were measured in the 
subcellular fraction (i.e. lO.OOOxg supernatant = cytosolic, plus microsomal 
fraction) in which they mainly occur, based on subcellular fractionation studies 
carried out on the digestive gland of M.eduHs (Livingstone ef a! 1992). 
Cataiase is mainly a peroxisomal enzyme (Yokota 1970, Livingstone et al 
1990), but is largely released into the supernatant on homogenisation 
(Livingstone et a! 1992). Some caution is required with the results for skin of 
A.rubens because a significant proportion of the wet weight is inorganic 
material, and therefore enzyme activities in the cell may be underestimated. 
The general levels of antioxidant enzyme activities found in M.eduHs and 
P.maximus were similar to those recorded in other bivalve species and in 
previous studies on M.eduHs (see above).
From the studies of antioxidant enzyme activities in the different tissues of the 
four species, trends can be discerned which may be linked to tissue-type, 
phylogenetic group, or possibly physiological or behavioural differences such 
as feeding habits, respiration and mobility. Although there were some 
exceptions, antioxidant enzyme activities, including SeGPX, were generally 
highest in the digestive tissues, consistent with these organs being major sites 
of xenobiotic uptake and major localisations of detoxication enzymes capable 
of catalysing ROS production, such as flavoprotein reductases and cytochrome 
P450S (Livingstone 1991a, Walker and Livingstone 1992). Perhaps 
surprisingly, although antioxidant enzyme activities were present in all 
respiratory tissues, they were not markedly higher than in the other non­
digestive tissues, despite the respiratory tissue being the main site of oxygen 
uptake and therefore having a potential for ROS production. Higher antioxidant 
enzyme activities in gills than muscle tissue were seen cod Gadus morhua
108
(Lemaire et al 1993). Other factors may also contribute to the ROS generating 
potential in gills of marine invertebrates, e.g. the presence of pro-oxidant 
xenobiotics in the diet in M.eduHs and other filter-feeding bivalves (Seed 1983). 
Tissue differences for all species were less marked for total GPX than SeGPX 
activity which may be related to the wide tissue distribution of glutathione S- 
transferase activity in marine invertebrates (Livingstone 1991a), given that 
certain glutathione S-transferase isozymes possess GPX activity (Lawrence 
and Burk, 1976). For example, glutathione S-transferase activity is present in 
digestive gland (or hepatopancreas), gills and gonads of the molluscan chiton 
Crytpochlton stellerl (Schlenk and Buhler 1988) and the crustacean crayfish 
Astacus astacus (Lindstrom-Seppa et a! 1983). Also, multiple forms of 
glutathione S-transferase have been detected in M.eduHs (Fitzpatrick and 
Sheehan 1993) and other molluscs and crustaceans (Livingstone 1991a).
Comparing the presence of individual antioxidant enzyme activities between 
species, SeGPX and total GPX activity were well-represented in tissues of 
P.maximus and A.rubens but were relatively low in all tissues of C.maenas 
and non-digestive tissues of M.eduHs. Assuming that the presence of SeGPX 
activity reflects the need to detoxify H2O2 and/or lipid hydroperoxides, the 
reason for the lower SeGPX activities in most tissues of M.eduHs than 
P.maximus is not immediately obvious. More peroxidisable lipid might be 
present in P.maximus, given its large gill surface areas (see chapter 1). 
However, another factor may be seasonal variability in SeGPX activity which is 
known to be marked for all antioxidant enzyme activities in digestive gland of 
M.eduHs (Viarengo et a! 1991a). This was certainly a factor for 
hepatopancreas, and probably also other tissues, of C.maenas, which when 
assayed later in the year (November 1992, compared to February 1992), had
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10 to 30-fold higher activities of SeGPX, i.e. 904 (see chapter 5) compared to 
30 (this chapter) nmol per minute per g wet weight.
Comparing the enzyme levels of M.eduHs and P.maximus, there are some 
major differences in activity. Cataiase in P.maximus is much higher than in 
M.eduHs whereas both forms of GPX are only slightly higher than in M.eduHs. 
These levels may possibly be linked to the high levels of activity of SOD 
leading to large levels of peroxide production in the cytosol. It would be 
expected that either SeGPX, cataiase or both enzymes would be required in 
ample quantities where SOD was present in large quantities, to counteract the 
subsequent production of hydrogen peroxide.
Cataiase, like SeGPX, detoxifies H2O2 to harmless products. However, it 
differs from SeGPX in having principally a peroxisomal rather than a cytosolic 
cellular localisation, and in having no direct role in detoxication of lipid 
hydroperoxides. Both cataiase and SeGPX activities were high in pyloric 
caeca of A.rubens, particularly compared to digestive gland of M.eduHs. The 
main food source of A.rubens is M.eduHs and other sessile bivalves, and these 
high activities in the digestive tissue of the carnivorous echinoderm may be 
related to a relatively high input of protein, with resultant high protein 
catabolism and direct production of H2O2 via the action of amino oxidases 
(amino acid + H2O + 0 2  = keto acid + H2O2 + NH3) which are also present in 
peroxisomes. The low activities of cataiase in C.maenas are again most 
probably due to seasonal variation in antioxidant enzyme activities (see 
chapter 4), but the very high activities in digestive gland of P.maximus 
compared to M.eduHs are more difficult to understand. However, they are 
consistent with the presence of higher SeGPX activities in P. maximus than M. 
eduHs, suggesting a relationship with H2O2 production.
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Superoxide dismutase removes O2", and its activity, but not that of SeGPX or 
cataiase, was markedly higher in most tissues of M.edulis than in the other 
three species. Major likely sources of O2" are respiratory electron transfer, 
biotransformation enzymes such as flavoprotein reductases and cytochrome 
P450S, and redox cycling of pro-oxidant dietary xenobiotics. Given that the two 
bivalve species are both herbivores, and the levels of biotransformation 
enzymes, such as the MFO system, are similar in bivalve species (including 
M.edulis ) (Livingstone at a! 1989), C.maenas (Lemaire at af 1993) and 
A.rubans (Den Besten at a! 1990), a possible reason for the higher SOD 
activities in M.edulis is a potential for O2" production via rapidly changing 
oxygen tension. Thus, whereas M.edulis is an intertidal organism regularly 
experiencing hypoxia and recovery from anoxia, P. maxim us and A.rubans 
both generally avoid rapid changes in oxygen tension. By comparison, 
C.maenas is capable of switching from aquatic to aerial respiration. Whereas 
M.edulis and other sessile bivalves can survive long periods of anoxia by the 
presence of specialised branched anaerobic pathways giving rise to multiple 
anaerobic end-products and relatively high ATP yields (De Zwaan 1983, De 
Zwaan and Mathieu 1992), swimming bivalves (De Zwaan at al 1980, 
Livingstone eta! 1981), crustaceans and echinoderms (Livingstone 1983, 1991 
Livingstone at al 1983, 1990) are restricted to linear fermentation pathways 
(lactate or octopine) giving rise to lower ATP yields. Hyperoxia, recovery from 
anoxia and, to a lesser extent, hypoxia, are known to give rise to increased 
ROS production in mammalian and bacterial systems (Jones 1985, Jones at a!
1989). Although the swimming movements of bivalves such as P.maximus are 
largely powered by phosphagens and anaerobic metabolism, marked initial 
rapid decreases in blood O2 levels do occur which subsequently recover slowly 
(Thompson at al 1980), which may account for, or contribute to, P.maximus
111
having higher SOD activities than C.maenas and A.rubens. However, 
swimming to exhaustion (which takes place over minutes) is often subsequently 
accompanied by death of the bivalve, some hours after this burst of physical 
activity (Thompson et al 1980).
Glutathione reductase functions to regenerate reduced glutathione at the 
expense of NADPH. Its wide tissue distribution in the four species is indicative 
of the many roles of reduced glutathione in both vertebrates and invertebrates, 
including scavenging of ROS and organic radicals, and phase II conjugation of 
organic xenobiotics via the action of glutathione S-transferases (Livingstone, 
1991a). The good correlation between the tissue distribution of glutathione 
reductase and SeGPX activities (r^ = 0.56 to 0.95) across the four species is 
indicative of the absolute requirement of reduced glutathione for the functioning 
of SeGPX in H2O2 detoxication. The lower correlation between glutathione 
reductase and total GPX activities presumably may be due to the fact that the 
latter measurement only reflects those glutathione S-transferase isozymes 
which possess GPX activity, whereas all glutathione S-transferase forms will 
require reduced glutathione for their conjugation function.
Considering functional correlations between other enzyme activities in 
M.edulis, P.maximus and A.rubens (the picture for C.maenas is more difficult 
to assess because of the low activities, due to seasonal variation), the 
correlation between SeGPX and cataiase (r^ values 0.71 to 0.94) indicates a 
co-ordinated strategy for detoxication of H2O2, whereas that between SeGPX 
and SOD (r^ values, 0.79 to 0.86) is consistent with a concerted mechanism for 
detoxication of O2" produced in the cytosol, i.e. O2" converted to H2O2 (via 
SOD), and H2O2 converted to O2 and H2O (via SeGPX). In contrast, the
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correlation between SOD and cataiase in M.edulis and A.rubens (r^ values 
0.72 to 0.77), but not in P.maximus , suggests an unknown direct source of 
H2O2 production (i.e. not from dismutation of O2") in the latter species.
Finally, the presence of putative DT-diaphorase activity was also examined in 
the different tissues of the four species. Unlike the other antioxidant enzymes 
studied, DT-diaphorase is specifically concerned with the prevention of 
xenobiotic-stimulated ROS production. It is thought to act by catalysing the two- 
electron reduction of quinones to hydroquinones, so preventing their one- 
electron reduction to semiquinones and autoxidation back to the qui none to 
yield 0 2 " (i.e. redox cycling); the latter process is catalysed by widely distributed 
flavoprotein reductases (see chapter 1). Both NADH- and NADPH-dependent 
DT-diaphorase activity have been shown to be present in cytosol and 
microsomes of digestive gland of M.edulis (Livingstone et al 1989b), but prior to 
the present study nothing was known of the situation in the other three species. 
The ability of subcellular fractions to support NAD(P)H-dependent redox cycling 
of quinones (Livingstone et al 1989b, Garcia Martinez and Livingstone 1994) 
and nitroaromatics (Garcia Martinez et al 1989, 1992) has also been 
demonstrated for digestive gland of M.edulis.
Regarding the results of the present study, the presence of both NADH- and 
NADPH-dependent putative DT-diaphorase activity in virtually all tissues of the 
four species indicates that redox cycling of xenobiotics is widespread 
(consistent with widespread presence of flavoprotein reductase activity, as 
observed in M.edulis , Livingstone and Farrar 1984), and/or the enzyme has an 
endogenous function, e.g. menadione (2-methyl-1,4-napthoquinone) is a 
quinone which undergoes redox cycling by digestive gland microsomes of 
M.edulis (Livingstone eta! 1989b), but which is also known as vitamin K3 and
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caused spawning when taken up into the tissues of M.edulis (Livingstone et al
1990). The higher activities of DT-diaphorase with NADH than NADPH are 
consistent with the higher potential for NADH- than NADPH-dependent basal 
and/or xenobiotic-stimulated ROS generation in M.edulis (Livingstone et al 
1989b, Garcia Martinez et al 1989, 1992, Winston et al 1990, Garcia Martinez 
and Livingstone 1995) and the other species. The similarity of tissue 
distribution for the major putative DT-diaphorase activity (i.e. NADH-dependent) 
and SOD activity indicates a functional relationship In that both are concerned 
with the prevention or removal of Og" production. Additionally, a role has also 
been proposed for SOD for preventing the redox cycling of quinones and O2" 
production by catalysing the reduction of the semiquinone anion radical, at the 
expense of the oxidation of O2", to the non-redox cycling hydroquinone 
(Cadenas 1989)
O' + O2" + 2 H"*" = QH2 + O2 
where Q* is the semiquinone radical and QH2 is the hydroquinone.
Finally, the much greater NADH-dependent DT-diaphorase activity in the 
tissues, particularly the digestive gland, of the two bivalve species compared to 
C.maenas and A.rubens is consistent with the former species being 
herbivorous and the latter species respectively omnivorous and carnivorous. 
Natural pro-oxidant xenobiotics such as quinones (O'Brien 1991) and other 
ROS-generating chemicals (Pristos etal 1990) are widespread in plants. The 
presence of defensive natural xenobiotics in plants is thought to have been a 
major factor in 'plant-animal' warfare in driving the evolution of 
biotransformation enzymes in animals (Nebert and Gonzalez 1987, Nebert et al
1989). Higher levels of NADH-dependent DT-diaphorase may therefore be
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present in the bivalve species to counteract the effect of a high dietary intake of 
these xenobiotics.
3.4.2 SeGPX mRNA levels
Homologous sequences to human SeGPX were detected in RNA of all 
tissues and species by slot-blot analysis, confirming and extending previous 
observations on digestive gland of M.edulis, (Goldfarb et al 1989). Levels of 
putative SeGPX mRNA paralleled SeGPX activities in tissues of the two bivalve 
species (r^ = 0.63 to 0.83), indicating regulation of SeGPX function at the level 
of mRNA production. In contrast, differences were evident in absolute values 
between M.edulis and P.maximus, which had similar putative mRNA levels but 
higher SeGPX activity in the latter species. Similarly, correlation between 
SeGPX activities and mRNA levels was less evident for the tissues of 
C.maenas and A.rubens
Such differences in hybridisation to mRNA from different species may be due 
to variation in sequence similarity, between the human SeGPX DNA probe 
used and the mRNA sequences being detected in the different species. It is 
assumed that evolutionary changes in the gene coding for SeGPX must have 
occurred, that the SeGPX gene sequence will be slightly different for different 
species and therefore genetic similarity with the human SeGPX gene sequence 
will not be the same for each species studied. A greater similarity in the bivalve 
genes to the human sequence in comparison to the A.rubens gene may be 
responsible for the relatively low hybridisation signal obtained with the latter 
RNA samples, although the evolutionary position of the echinodermata being 
the invertebrate phylum most closely related to vertebrates (Livingstone 1983) 
would argue against this. Either separately or in conjunction with this, it is 
possible that control of mRNA half life and translation rate may play a role in the
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levels of SeGPX mRNA present in the cells of each species. Possibly the 
number of protein subunits produced per molecule of SeGPX mRNA may be 
greater in A.rubens and so fewer mRNA molecules are needed in the cell to 
produce an equivalent number of protein subunits than in the bivalves.
Further complications may have arisen by using the hybridisation of actin 
mRNA as a control of loading efficiency (see section 3.2), which in marine 
invertebrate species may not be constitutively expressed as in mammalian cells 
and may also show varying sequence similarity between probe and target 
sequence in different species. Since this work was completed it has been 
shown that actin gene expression in muscle tissues of the shore crab 
C.maenas is regulated according to moult-cycle (Whitely et al 1992), this cycle 
being a seasonally controlled event. Hence, the use of the actin gene as a 
measure of RNA loading may not be accurate and for this reason other 
methods of standardisation of RNA loading were investigated for further studies 
(Chapters 4 and 6).
In C.maenas, high levels of SeGPX mRNA were detected in comparison with 
low enzyme activity levels, with very high levels being obtained for the gill and 
gonad tissues, possibly due to variation in actin levels, or factors such as long 
half-life of the mRNA species. It may be possible that control of SeGPX enzyme 
in C.maenas is at the level of protein activation or translation, for example via 
the incorporation of selenium to create active enzyme, assembly of subunits, or 
the rate of translation (Ghu et al 1990, Li 1990). This would allow for high 
levels of SeGPX mRNA in the cell but would yield low levels of SeGPX enzyme.
Despite the possible error caused by the use of actin as an internal RNA 
standard, overall the results indicate that at low stringency wash conditions it is 
possible to detect marine invertebrate SeGPX mRNA with a human DNA probe. 
This conclusion is supported by an absence of positive correlation between
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SeGPX mRNA and total GPX activity in the bivalve species.
3.4.3 Relationships between NAD(P)H-dependent ROS generation 
potential and antioxidant enzymes
The reduced oxygen species O2" and H2O2 can be produced by various 
processes and at a number of subcellular localisations. The conversion of O2" 
and H2O2 to the highly reactive hydroxyl radical (0H-) by the Haber-Weiss and 
other free radical interactions is dependent on the presence of a suitable 
transition metal-chelate (see chapter 1). The KMBA oxidation studies, which 
measure OH- production, were carried out in the presence of an optimal 
concentration of ferric/EDTA. They are therefore taken as a measure of the 
maximal potential for NAD(P)H-dependent ROS production (i.e. equivalent to a 
maximal in vitro enzyme activity measured under saturating substrate 
concentrations), although factors such as disruption of electron-transport 
systems during the preparation of subcellular fractions could contribute to this 
rate. The maximal rates of ferric/EDTA-mediated KMBA oxidation were 
measured on 500g tissue supernatants in order to obtain an estimate of the 
NAD(P)H-dependent ROS generating potential of the whole tissue. Preliminary 
(S. Gamble, unpublished data) and published (Winston efa/1990) studies on 
M.edulis had established that all subcellular fractions (mitochondrial, 
microsomal, cytosolic) of digestive gland were capable of ROS production.
The detection of NAD(P)H-dependent KMBA oxidation in all tissues of all 
species indicates a widespread potential for endogenous ROS generation in 
marine invertebrates. The wide tissue distribution of ROS generation in 
M.edulis is consistent with presence in all tissues of NAD(P)H-dependent 
reductase activities (Livingstone and Farrar 1984). Similarly, the greater rates
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of KMBA oxidation with NADH than NADPH is consistent with previous studies 
on M.edulis (Winston et al 1990) and with higher NADH- than NADPH- 
dependent reductase activities in the tissues of M.edulis (Livingstone and 
Farrar 1984, Kirchin, et al 1992). Considering the tissues of the four species 
overall, the ROS generating potentials often showed similar relative distribution 
patterns to those for the antioxidant enzyme activities. This correlation was 
generally more marked for the two bivalve species indicating a direct functional 
relationship between the pro-oxidant processes (ROS production) and 
antioxidant enzyme defences, a high level of enzyme activity being present to 
counteract a high rate of ROS production in the tissue. Thus in all the species, 
the digestive tissue had the highest ROS production potential, the muscle often 
having the lowest potential.
Of particular interest, however, was that although the rates of ROS production 
and levels of antioxidant enzyme activities showed similar relative distribution 
patterns between tissue types, independent of the species, no correlation was 
apparent in absolute values of enzyme activities and ROS production potential 
for the same tissue-type between species. Thus, whereas activities of 
antioxidant enzymes in digestive tissues differed greatly between species, rates 
of ROS production (particularly NADH-dependent rates) were often similar. 
This would seem to indicate that the basal endogenous rates of ROS 
production are similar in the digestive tissues of the four species, and that a 
major consideration determining antioxidant enzyme levels is the potential for 
stimulation of these basal rates, by factors such as natural and pollutant 
xenobiotics and oxygen tension, which would be different for the four species. 
Some further support for this argument is provided by a consideration of 
correlation of individual antioxidant enzyme activities with ROS generating 
potential. Thus, from Table 3.3.2, it can be seen that there is slightly better
118
correlation between NADH- than NADPH-dependent ROS generation and the 
activities of SOD (mean ± SEM overall r^ values for 4 species are respectively 
for NADH and NADPH, 0.74 ± 0.08 and 0.57 ± 0.19), SeGPX (0.75 ± 0.20 and 
0.59 ± 0.21) and cataiase (0.86 ±0.10 and 0.64 ± 0.20). Whereas NADH- 
dependent ROS generation is likely to represent predominantly endogenous 
sources of ROS production via mitochondrial electron transport, NADPH- 
dependent ROS generation is most likely due to exogenous sources catalysed 
by biotransformation enzymes. Also noticeable was the high correlation 
between NAD(P)H-dependent ROS generation and NAD(P)H-dependent DT- 
diaphorase activity, in the two herbivorous bivalve species, particularly 
M.edulis, indicating a relationship between antioxidant enzymes specifically 
concerned with detoxication of pro-oxidant xenobiotics, and plant dietary 
intake.
In summary, the results of the study have provided baseline antioxidant 
(antioxidant enzyme activities, SeGPX mRNA) and pro-oxidant (NAD(P)H- 
dependent ROS generation) data for the tissues of P.maximus, C.maenas and 
A.rubens, and expanded previous observations on M.edulis. The widespread 
distribution of antioxidant and related enzymes (SeGPX, SOD, cataiase, 
glutathione reductase, DT-diaphorase) and ROS-generating potential is 
indicative of the universal nature of antioxidant and pro-oxidant processes in 
aquatic organisms. Relationships have been discerned between particular 
enzyme activities, tissue-types, dietary strategies and ROS production potential. 
Antioxidant enzyme activities and ROS generating potential were highest in 
digestive tissues, consistent with the intake of pro-oxidant xenobiotics and the 
presence of ROS generating enzymes. Cataiase activity was high in 
carnivorous A. rubens consistent with high dietary input of protein and
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generation of H2O2 via amino acid oxidation. SOD activity was high in euryoxic 
M. edulis consistent with exposure to rapidly changing O2 tension. DT- 
diaphorase activity was high in herbivorous M.edulis and P.maximus 
consistent with the intake of plant pro-oxidant chemicals. In the digestive 
tissues of the four species, absolute values for antioxidant enzyme activities 
were very different, but NAD(P)H-dependent ROS generating potentials were 
markedly similar, indicating that exogenous sources of ROS generation are 
important in determining levels of antioxidant enzyme defences.
With regard to SeGPX function and regulation, relationships were discerned 
with glutathione reductase (indicating the need for continual regeneration of 
reduced glutathione for GPX function), cataiase (indicating a co-ordinated 
strategy on H2O2 detoxication) and cytosolic SOD (indicating a functional 
relationship for cytosolic O2" detoxication), but less so with total GPX activity 
(reflecting the contribution of glutathione S-transferases). Evidence for the 
widespread presence of the SeGPX gene and its expression was obtained 
using the human SeGPX gene probe, although detailed comparison between 
species was indicated to be limited by variations in gene sequence similarity.
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CHAPTER 4
DETECTION OF SeGPX PROTEIN AND NUCLEIC ACIDS
AND
STUDY OF SEASONAL VARIATION OF GLUTATHIONE 
PEROXIDASE IN THE DIGESTIVE GLAND OF M.edulis.
4.1 INTRODUCTION
The studies of chapter 3 demonstrated a positive correlation between SeGPX 
activity and mRNA levels (detected using the human genomic DNA sequence) 
in tissues of Mytilus edulis. Levels of enzyme activity and mRNA were highest 
in the digestive gland and approximately two to three times higher than in the 
gills or adductor muscle (Gamble eta l 1994)
Evidence for the presence of the mRNA coding for SeGPX, in digestive gland 
of M.edulis , was first published by Goldfarb et al in 1989, where detection of 
the sequence was by dot blot analysis of total RNA, using the human genomic 
DNA sequence as a probe. Whilst demonstrating that some homology to the 
human SeGPX sequence was present in the expressed sequences of digestive 
gland, the study did not show that one gene exclusively gave the hybridisation 
signal detected. Further complications vtwere also evident in the study due to 
the probability of limited sequence similarity between human and M.edulis 
SeGPX genes, (see below and section 3.4) Limited sequence similarity will 
reduce hybridation efficiency and lower the sensitivity and specificity of the 
analysis (Sambrook etal 1989). In order to further investigate the nature of the 
mRNA signal, and to better apply the methodology to quantitative investigations 
of SeGPX gene expression, studies were carried out to detect a genomic DNA
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SeGPX sequence and optimise the detection of mRNA in digestive gland in 
M.edulis. Specifically, studies focused on isolation of intact RNA, efficiency of 
transfer of RNA to nylon membrane, hybridisation procedures and different 
SeGPX probes.
Gene function proceeds via the synthesis of mRNA from the genomic DNA 
sequence, the mRNA in turn being translated to a catalytically active enzyme 
protein. In order to link SeGPX gene expression (mRNA) with SeGPX enzyme 
activity and investigate SeGPX regulation, a quantitative Western blotting 
method was developed to measure SeGPX protein In M.edulis digestive gland 
using a commercially obtained polyclonal antibody raised against human 
SeGPX. Application of simultaneous measurements of SeGPX mRNA and 
protein levels, and SeGPX activity in relation to exogenous or endogenous 
variables, such as seasonal metabolism, could then be used to investigate the 
level at which SeGPX status is controlled in tissues of M.edulis, whether at the 
level of gene transcription, mRNA translation, or production of active protein.
4.1.1 Seasonal variation in the gene expression and activity of 
SeGPX in digestive gland of M.eduiis
The metabolism of M.edulis is linked to a regular seasonal cycle of the 
acquisition and storage of energy reserves during Summer and Autumn when 
food is abundant, and the subsequent use of these reserves for gametogenesis 
and maintenance energy during Winter and Spring (Gabbott 1983). Linked to 
this seasonal cycle are marked and regular changes in many biochemical 
parameters. In the digestive gland these include changes in activities of 
glycolytic enzymes (Churchill 1987, Ibarguren eta l 1990, Ramos-Martinez et al 
1993), glucose-6-phosphate dehydrogenase (EG 1.1.1.49) (Livingstone 1981), 
and antioxidant enzymes (Viarengo et al 1991a). In the latter study, lowest
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levels of SOD cataiase and SeGPX activities, and antioxidant scavengers such 
as GSH and vitamin E, were correlated with increased lipid peroxidation in the 
digestive gland. SeGPX activity was lowest during late Winter, with maxima in 
Spring and Autumn.
Advantage was taken of the known seasonal cycle of SeGPX activity in 
digestive gland in order to investigate the relationship of these changes with 
those in SeGPX mRNA and protein levels, and thus obtain insight into 
mechanisms of SeGPX regulation. These three aspects of SeGPX function 
were measured over 12 months in M.edulis from a clean population near 
Plymouth.
4.2 DEVELOPMENT OF NUCLEIC ACID AND IMMUNO DETECTION 
TECHNIQUES
Due to limited material available and duplication of some of the techniques 
used on different studies, M.edulis total RNA for the seasonal data and 
genomic DNA used in Southern hybridisations was prepared by Nicola 
Wootton at the University of Surrey. Optimisation of Western blotting procedure 
was carried out under my close supervision by Dierdre Marshall, as part of her 
MSc project. I would therefore like to thank both for their work.
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4.2.1 Isolation of Intact total RNA from M.edulis.
Previous methods routinely used in this laboratory to isolate fully intact total 
RNA sequences (see section 2.4) had achieved success with mammalian 
tissue, but not with invertebrates.
The original phenol/lithium chloride method (Section 2.4.1) yielded pure RNA. 
However when samples were run on an agarose electrophoresis gel, the 
higher molecular weight (28S) ribosomal band was clearly degraded (Spry
1990). Whilst it was assumed that, being of a relatively small molecular weight 
(13S), the mRNA coding for SeGPX (Chambers at al 1986) would be 
unaffected by this degradation of higher weight RNA species, hence methods 
were sought to improve on the integrity of the RNA obtained, whilst maintaining 
a high level of purity.
RNA was obtained from the digestive gland of M.edulis in all of the following 
methods. First attempted was the Qiagen method (Section 2.4.2). The RNA 
obtained using the Qiagen method was relatively impure, (260/280 ratio = 1.47) 
and the yield was average (120jug RNA from 80mg tissue). The integrity of the 
28S ribosomal band did not appear to be better than with the lithium chloride 
method.
The RNAzol-B method (Section 2.4.3) gave very pure RNA (260/280 ratio = 
1.91), yield was acceptable (50 mg of tissue gave 112 ^g RNA) and the 28S 
ribosomal band was clearly visible (Figure 4.2.1). Ideally both 18S and 28S 
bands should be present in equal quantities. However this is not the case in 
the sample shown (Figure 4.2.1). (subsequent preparations did yield visibly 
similar quantities of the two rRNAs however). As this method gave the best 
overall results regarding purity and integrity of RNA, it was decided to use 
RNAzol-B method in all subsequent RNA preparations.
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Figure 4.2.1 RNA prepared from the digestive gland of M.edulis
2 8 S -
1 8 S -
Arrows indicate the 28S and 18S ribosomal subunits. RNA was obtained using 
0.5g of M.edulis digestive gland and 2ml of RNAzol-B. 20/vg of RNA was 
loaded and electrophoresed on a formamide denaturing gel at 50mV for 3 
hours. (See section 2.7.2 and 2.8 for methods).
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4.2.2 Optimisation of detection of SeGPX-related nucleic acid 
sequences in M.edulis.
Both Southern and Northern blot detection was attempted with the DNA and 
RNA of M.edulis digestive gland, using the methods described in chapter 2 
section 2.9 and 2.10
4.2.2.1 Variation of nucleic acid transfer techniques.
Transfer of nucleic acids from agarose gels to nylon membrane by capillary 
blotting is an essential stage in detection. If transfer is not efficient or even 
throughout a gel, then the relative abundance of the sequences of interest may 
not be truly representative of the actual quantities in the cell. To ensure that 
accurate and reproducable transfer was acheived, experiments were set up to 
determine optimum transfer time, compare transfer in the presence and 
absence of ethidium bromide and compare transfer to membranes with and 
without a positively charged surface.
4.2.2.1.1 Time of transfer of nucleic acids
It has been recorded by several authors ( e.g. Sambrook et al 1989) that the 
optimum time for transfer of nucleic acids from agarose gels to nylon 
membranes is between 2 and 16 hours. Smaller fragments of nucleic acid are 
thought to transfer faster than large fragments and so it is possible that an 
optimum time of transfer may be possible, for transfer of the SeGPX related 
sequence. Too short a transfer period may not allow enough time for the 
sequence of interest to transfer to the membrane, causing poor detection of the 
sequence.
To test the method, total RNA from rat liver and M.edulis digestive gland was 
electrophoresed as per section 2.7.2, using four duplicate loadings on one gel.
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This gel was then split into four sections and one set of lanes stained with 
ethidium bromide to ensure that the RNA had electrophoresed well and was 
intact. The four gel strips were then used to transfer the RNA to the nylon 
membranes for 2 hours, 6 hours, 16 hours and also 16 hours for the strip 
stained with ethidium bromide, as staining with ethidium bromide was 
postulated to inhibit transfer. After the allotted transfer times, the membranes 
were UV. bonded for 3 minutes, and probed using the human SeGPX gene- 
probe (Xhol fragment), the "rapid -hyb" buffer supplied by Amersham, and 
washed at 39°G, 1 x SBC 0.1%SDS (100ml) for 30 minutes (low stringency). 
The membranes were autoradiographed for 48 hours.
As can be seen from Figure 4.2.2.1.1, little SeGPX mRNA signal was obtained 
from the Northern blot after 2 hours transfer time. At 6 hours however, a strong 
signal was observed in the rat RNA lane, with a weaker signal in the M.edulis 
sample. At 16 hours transfer, the resulting signal was not as strong as that as 
for 6 hours in the rat lane, and was not evident at all in the M.edulis lane. The 
presence of ethidium bromide in the gel appears to have inhibited the transfer 
of the RNA because no signal was obtained despite 16 hour transfer and low 
stringency wash conditions.
The signals obtained showed a faint band at the 28S rRNA (ribosomal RNA) 
level, a clear band at the 18S rRNA level (binding of the probe being due to the 
large amount of nucleic acid present in the 18S and 28S bands, rather than 
sequence specific interaction) and a strong band at around the same distance 
again from the 18S band. The size of SeGPX messenger RNA has been 
reported as being between 0.9Kb and 1.5Kb in size.(Chambers et al 1986, 
Reddy etal  1988, Ghu et al 1990). The message obtained with the rat liver 
RNA and the M.edulis digestive gland RNA show bands both at around 1.2Kb, 
in agreement with Chambers et al (1986). It is therefore highly probable that
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this signal is due to hybridisation of the human DNA gene probe to mRNA 
coding for the SeGPX of both the rat and M.edulis.
As a further experiment, transfer to another type of membrane, Amersham 
Hybond N+ was used. Again two identical sets of samples were 
electrophoresed on an agarose gel, using transfer to Hybond N and Hybond 
N+ which has a positive charge on the surface. The advantage of this charged 
membrane is that the positive charge will attract the negative charge of the RNA 
and hold the strands on the membrane, via hydrogen bonding, thereby 
increasing binding to the membrane and ensuring maximum signal when 
probed for a particular mRNA. From the result obtained (Figure 4.2.2.1.2), it can 
be seen that a far stronger signal was obtained using the Hybond N+ 
membrane, with both the positive control and the RNA lanes showing up far 
stronger than on the standard membrane. The control used was purified 
human GPX gene Xhol fragment, showing a major band at 1.4Kb, the higher 
MW signal probably being due to the presence of some remaining pGP71 
plasmid DNA(including the GPX gene), and the low stringency of the washes 
used to detect the RNA. The band detected in the RNA lanes comes below this 
and is of an estimated 1.2Kb. The rat liver RNA samples again gave a more 
intense signal than the M.edulis sample.
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Figure 4.2.2.1.1 Effect of transfer time on capillary blot efficiency
a) b)
28S-
18S-
SeGPX-
0
i
R M R M
c) d)
R M  R M
Key; 28S -large ribosomal RNA, 18S- small ribosomal RNA, SeGPX - putative 
SeGPX mRNA, a) capillary blotting for 2 hours, b) 6 hours, c) 16 hours and d) 
16 hours after ethidium bromide staining, R -Rat liver RNA loaded (20jLyg), M- 
M.edulis digestive gland RNA loaded (20pg).
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Figure 4.2.2.1.2 Effect of positively charged membrane on detection of SeGPX 
mRNA.
a) b)
18S-
SeGPX-
M H R  M R H
Key: a) Hybond N membrane, b) Hybond N+ used, R - rat liver RNA 20/L/g, 
M - M.edulis digestive gland RNA 20/jg, H - human GPX DNA Ipg. 
Membranes washed at 1 x SSC, 0.1%SDS,39°C 2 x 1 5  minutes.
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4.2.2.2 Hybridisation solutions
Three different buffers were examined for hybridisation of probe DNA to target 
DNA or RNA on nylon membrane. These are described in sections 2.15.1 to 
2.15.3.
The standard method used was that described in Sambrook et al (1989) 
which had been optimised for use with human and rat DNA probes used to 
detect mammalian target sequences. This method was long and complicated, 
using several solutions, many of which were expensive and required several 
steps of preparation before use. Results obtained from this system when trying 
to detect SeGPX mRNA in M.edulis and rat samples varied from very clean 
background and specific hybridisations, to either very high background against 
weak signal or autoradiographs where no signal was obtained .
In an attempt to improve the quality and reproducibility of the probing 
procedure, two other methods were investigated, the first using the "rapid-hyb" 
buffer system supplied by Amersham international. The speed of this system 
was the main advantage offered by "rapid-hyb", as the price of the solution was 
high. The second method investigated was an adaptation of the Church and 
Gilbert method (1984) including 50% formamide in the hybridisation buffer, to 
allow lower hybridisation temperatures to be used (section 2.15.3).
This method was not as fast as "rapid-hyb" but cheaper, simple to prepare 
and still faster than the method described by Sambrook et al (1989). A 
membrane of four lanes of mussel total RNA was prepared and probed using 
the human GPX Xhol fragment, by using firstly the rapid hybe system, then 
following autoradiography (See section 2.17), the membrane was stripped of 
the probe by incubation in 0.1% SDS solution, which was boiled, poured over 
the membrane and allowed to cool. The membrane was then re-probed using 
the Church/formamide method, using exactly the same conditions of probe
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concentration, wash conditions and time of exposure to X-ray film.
The results of this experiment showed uneven hybridisation and spots on the 
membrane after using the "rapid hyb" method (Figure 4.2.2.2 a). The dark 
shadow across the left hand side of the autoradiograph is possibly due to 
uneven pre-hybridisation, the process used to ensure blocking of non-specific 
binding sites on the membrane surface. The spotted appearance may be due 
to salt deposits on the membrane occurring during prehybridisation. All 
membranes were pre-wetted with 1xSSC before use, to remove excess salt 
and allow greater access of the prehybridisation buffer to the non-specific 
binding sites. Salt spots on the membrane may sequester free probe from the 
hybridisation solution, causing spots on the X-ray film and reducing the amount 
of probe available to bind to the SeGPX sequence.
Due to the evolutionary changes in the SeGPX gene it is probable that at high 
stringency wash conditions little binding of the human SeGPX gene probe to 
the M.edulis SeGPX mRNA sequences would occur. Thus a good signal to 
background ratio was essential, so that visualisation and densitometrical 
measurement of RNA blots could be possible and reliable.
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By comparison, the Church/formamide solution (Figure 4.2.2.2 b), gave a 
clear signal against a relatively low and even background. Some spots were 
still present, but the extent of hybridisation to the RNA on the membrane, 
indicates that prehybridisation had been successful and that binding to RNA 
rather than salt deposits was not a problem using this method. The detection of 
the SeGPX mRNA appeared to be successful, though the band detected 
appeared to be of a greater size than before. It may be that this was an effect of 
heating of the gel causing "smiling", ( i.e. uneven electrophoresis across the 
gel). This may also be seen in the ribosomal species detected, which have not 
all migrated the same distance in every lane. At concentrations of above 20jL/g 
total RNA loaded, non-specific hybridisation obscured the signal.
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Figure 4.2.2.2 Detection of SeGPX mRNA using different hybridisation solutions
a) Rapid-Hybe
SOjjg 60/vg 40/vg 20fjQ total RNA
b) Church/formamide method
28S- 
18S-
SeGPX
80pg GOpg 40pg 20jug total RNA
Both filters were washed with 1 x SSC, 0.1% SDS, 42°C, for 2 x 15 minutes 
Autoradiography was for 1 week.
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4.2.2.3 GPX probe sequences used
Several SeGPX DNA sequences were available for use in probing for related 
sequences in M.edulis. The human Xhol fragment had already been shown to 
hybridise to M.edulis total RNA (Goldfarb et al 1989). The mouse SeGPX 
sequence was available in two fragments, one contained in the plasmid pAIO 
and the other in the plasmid p2D6 (see section 2.11.1)
The original results obtained with the human Xhol gene fragment were not 
specific for mussel GPX and showed hybridisation to the 18S and 28S 
ribosomal RNA sequences. It was postulated that other SeGPX sequences, or 
perhaps fragments of the human sequence, may hybridise more specifically to 
the mussel GPX sequence.
The Xhol fragment of the human gene was further cut with the enzyme EcoRI 
to produce a 0.81 Kb fragment (see section 2.6.2), including the first exon and 
the intron, the first exon including the highly conserved region around the 
selenocysteine coding region of the gene.
Other probes available were the mouse S' gene fragment, in the plasmid 
p2D6, and the mouse 5' gene fragment in the plasmid pAIO (Figure 4.2.2.3.1). 
Both had been used by previous workers to detect human and rat GPX related 
sequences (Dunn 1990), and it was thought that these probes might have 
greater homology with the mussel GPX sequence than the human sequence 
did.
Two previously made northern blots were used to test the human probes 
whereas a genomic Southern blot was used for the two mouse probes, as there 
was no previous information to indicate whether these probes would recognise 
the M.edulis GPX DNA sequence. The probes used are shown in figure 
4.2.2.3.1. The results are shown in Figure 4.2.2.3.
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Figure 4.2.2.3.1 Restriction enzyme maps of Human and Mouse SeGPX gene
probes used in this thesis 
Mouse SeGPX gene
Xbal A iQ .  EcoRl^ 2D6
0.9Kb 0.8Kb
EcoRl
Human SeGPX gene
Xhol _
0.9Kb
EcoRi Xhol
0.5Kb
KEY-
non cod ing  reg ion  
cod ing  reg ion
Sequence and restriction data for mouse gene from Chambers etal 1986 
Sequence and restriction data for human gene from Dunn 1990
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From Figure 4 2.2.3, using the full length human SeGPX DNA probe (Xhol 
fragment, Figure 4.2.2.3.1) it can be seen that at these conditions of stringency, 
some hybridisation is apparent in the rat liver RNA control, but no hybridisation 
has occurred to either of the mussel samples. This may be due to the large size 
of the probe, meaning that a greater proportion of probe synthesised is of the 
regions of less homology, therefore lowering specificity, whereas the smaller 
EcoR l/Xhol fragment contains less of the sequence but includes the active site, 
which should be the most conserved throughout evolution. Therefore a greater 
proportion of the radiolabelled DNA would be of a sequence more closely 
related to the mussel SeGPX sequence and the probability of hybridisation to a 
similar sequence increased. In the case of M.edulis, only the 188 subunit 
showed, whereas in the rat liver samples both ribosomal bands were detected. 
This may be due to partial degradation of the 288 sequence (visualisation with 
either methylene blue or ethidium bromide indicated some degradation of the 
288 band). Using the 0.81Kb fragment (Figure 4.2.2.3 b), signal was detected 
corresponding to the SeGPX mRNA in both rat liver and M.edulis lanes. 
However in the rat liver lane a smaller band was detected, possibly a 
breakdown product of the original SeGPX mRNA, or an RNA species coding for 
a related protein. Genes coding for selenoenzymes similar to GPX exist in 
other mammalian species, e.g. plasma GPX in humans (Cohen at a! 1987), 
and phospholipid hydroperoxide in pig liver (Ursini at a! 1985), it has also 
been shown that there may be as many as 12 selenoenzymes present in rat 
liver (Behne at a! 1989) and it is possible that the RNA species detected here 
may code for one of these proteins, if they are related to SeGPX.
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Figure 4.2.2 3 Detection of GPX mRNA using different gene probes derived 
from the human SeGPX gene sequence.
SeGPX
R M M R M M
Key; a) Full length human GPX gene (Xho I fragment), b) Xho l/EcoR I fragment 
, R - rat liver RNA, M - M.edulis digestive gland RNA.
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The comparison of the two mouse probes did not at first yield good results 
(Figure 4.2.2.4), as under the stringency conditions used, clear bands were 
only observed in the rat control lanes. Using the 2D6 probe (Figure 4.2.2.4 b), 
the hybridisation to the rat controls was less specific, probably due to the lower 
temperature of the wash conditions and possibly because this codes for the 3' 
end of the gene and does not contain the active site (Chambers et al 1986), 
though here some hybridisation to the mussel DNA samples was observed. It 
was thought that this non-specific binding of the 2D6 probe to the mussel DNA 
may have masked some binding of the probe to specific GPX related DNA 
species and so the southern blot was repeated (Figure 4.2.2.5) using the 
restriction enzyme EcoR I for both rat and mussel genomic DNA, and washed at 
higher stringency conditions.
At these higher stringency wash conditions, (1x SSC, 42°C, 2 x 15 minutes), 
non specific binding to the M.edulis and rat genomic DNA sequences appears 
to have been minimised and detection of a GPX related sequence has been 
achieved in both rat and M.edulis samples (Figure 4.2.2.5). In the M.edulis 
lane a faint band can be seen in comparison to the stronger signal obtained 
from the rat DNA lane. The presence of only one band in the M.edulis lane, 
indicates that there may be no EcoR I restriction sites within the gene itself, or 
that if any sites are available then they are near the end(s) of the gene and 
therefore only remove a small part of the gene. The fragment containing the 
mussel gene is certainly larger than that containing the rat gene, (2.0 Kb 
compared to 1.2Kb). However this does not necessarily imply any great 
difference in size between the two genes, merely that the restriction sites are in 
differing places in the surrounding DNA sequences.
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Figure 4.2.2.4 Southern detection of GPX related DNA species in M.edulis.
a) Mouse A10 probe
R/E R/H 
b) Mouse 2D6 probe
M/E M/H M/X
R/E R/H M/E M/H M/X
Key, R/E Rat liver DNA cut with EcoR I, R/H Rat liver DNA cut with Hin dill, M/E 
M.edulis digestive gland DNA cut with EcoR I, M/H M.edulis digestive gland 
DNA cut with Hind III, M/X M.edulis digestive gland DNA cut with Xho I.
A10 probing was washed to 50°C, 1 x SSC 0.1 %SDS, 2 x 1 5  minutes 
2D6 probing was washed to 35°C, 1 x SSC, 0.1%SDS, 2 x 1 5  minutes
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Figure 4.2.2.5 Southern blot of rat and M.edulis DNA to detect GPX related 
DNA sequences.
M.edulis Rat liver
Digestive gland
Rat and M.edulis genomic DNA restricted with EcoR I, probed with the mouse 
2D6 EcoR I gene fragment, stringency wash conditions, 1x SSC, 42°C, 2 x 1 5  
minutes
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4.2.3 Conclusion
As the 2D6 probe gave highly specific results with the mussel DNA at higher 
stringency wash conditions, it was decided to use this in all future probing. 
Under the optimised conditions, it appeared that detection of DNA and RNA 
species coding for M.edulis Se-GPX was possible.
4.3 IMMUNO DETECTION OF M.edulis SeGPX PROTEIN.
As the mammalian SeGPX DNA probes had successfully hybridised to the 
M.edulis gene for SeGPX, it was possible that the polyclonal antibody for the 
human SeGPX protein would also recognise M.edulis SeGPX.
To detect and quantify the levels of SeGPX protein, in the cytosolic fractions 
prepared from M.edulis digestive gland, adequate separation of the proteins 
on polyacrylamide gel was required. Standard 10% gels do not allow good 
separation of the protein bands in the 23Kd region, so firstly a 12% gel was 
attempted. Resolution here was still poor, so a 15% gel was subsequently 
used. This showed good separation of the protein bands in the region where 
the SeGPX subunit was expected (Pirie 1965) when stained with Coomassie 
blue.
Originally, immunodetection was carried out using 3,3-diamino benzidine as 
the substrate for the horseradish peroxidase label on the antibody. This did not 
detect any SeGPX protein in the M.edulis cytosolic samples (data not shown). 
Therefore the enhanced chemi-luminescence (ECL) technique was used, as 
supplied in kit form by Amersham international Ltd. This technique uses the 
same antibody label, but a substrate that emits light (luminol), rather than 
yielding a coloured chromophore when acted upon by the horse radish
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peroxidase (see section 2.20.4). This system is capable of yielding a 10 to 100 
fold increase in sensitivity compared to colourimetric methods. It also gives a 
light-fast copy of the results as an image on X-ray film, which can therefore be 
quantitated with ease using a scanning densitometer.
In order to use this system to detect SeGPX in marine animals, the detection 
system had to be optimised to give a minimum of background and non-specific 
signal, coupled with maximum detection of the SeGPX protein present in the 
samples. Concentration of primary (anti-SeGPX) antibody, and secondary (anti­
primary antibody) antibody and incubation time with antibodies, were all varied 
to determine the optimum conditions required for reproducible accurate 
detection.
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4.3.1 Variation of primary antibody concentration
A 15% polyacrylamide gel was run, loaded with repeated aliquots of M.edulis 
digestive gland cytosolic fraction (see section 2.18.1), and rat liver cytosol 
prepared by a co-worker, {20fjg protein, as determined by Lowry assay, BSA 
standards) as a positive control. Polyacrylamide electrophoresis and 
electrophoretic transfer of the proteins to nitro-cellulose membrane were 
carried out as per section 2 .20.1 and 2 .20.2 and the membrane cut into four 
strips, each containing both rat and M.edulis samples. Each of these strips 
was incubated with either 1/250, 1/500, 1/2500, or 1/5000 dilution in PBS, of 
the primary antibody, for 1 hour at room temperature. This was followed by 
PBSBT washes, secondary antibody incubation and ECL detection as 
described in section 2.20.3 and 2.20.4. The results are shown in figure 4.3.1.
Little noticeable difference between the samples treated with different primary 
antibody concentration was detected, though the 1/2500 gave slightly reduced 
background and a single band in the region of 23Kd. Many other bands were 
still visible on the X-ray film, though fewer bands were present at lower 
concentrations of antibody.
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Figure 4.3.1 Effect of varying primary antibody concentration on detection of 
SeGPX protein in M.edulis digestive gland cytosol.
1/250 1/500
106 
80
49.5
32.5
27.5
18.5 _
R M  R M
1/2500 1/5000
106 
80
49.5
32.5
27.5
18.5
#
Ç»
R M  R M
Numbers at left denote size (and position) of molecular weight markers in 
kilodaltons. Numbers at top are dilution factors of primary antibody.
Key - R, rat liver cytosol M, M.edulis Digestive gland cytosol, 20jug protein 
loaded.
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4.3.2 Variation of secondary antibody concentration
The experiment was repeated using 1/250 and 1/2500 dilutions of primary 
antibody, combined with either 1/2000, 1/4000 or 1/6000 dilution of the 
secondary antibody, as it was possible that it was this antibody, rather than the 
primary antibody, which was binding to unrelated protein bands on the 
membrane. All other conditions were as per sections 2.20.1 to 2.20.4.
The results are shown in figure 4.3.2
Lower secondary antibody concentration, combined with lower primary 
antibody concentration, evidently lowered the level of non-specific protein 
interactions and gave a much clearer background (figure 4.3.2). The 1/250 
dilution of primary antibody gave high background levels and no clear band 
corresponding to GPX. Fellow students had shown that lower background and 
better specificity could also be obtained by varying the time of incubation for 
both primary and secondary antibodies.
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Figure 4.3.2 Variation of secondary antibody concentration 
1/250
a) 1/2000 b)1/4000 c)1/6000
MW R M R M R M
1/2500
a)1/2000 b)1/4000 c)1/6000
SeGPX-
B R M R M R M
Numbers in bold are primary antibody concentrations. Numbers marked a, b, c 
are secondary antibody concentrations. R = Rat liver cytosol , M = M. edulis 
digestive gland cytosol, 20pg protein loaded, B = Bovine SeGPX protein, 2pg 
loaded.
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4.3.3 Variation of antibody incubation time
To find the optimum incubation times for both antibodies, gels were loaded, 
electrophoresed and transferred as with the previous two experiments and 
incubated for varying times in the optimum concentrations of primary and 
secondary antibody (1/2500 and 1/6000 respectively) (see Table 4.3.3).
Background levels and non-specific hybridisation to other proteins were lower 
in this set of experiments, showing increased ability to detect the protein of 
interest. The positive control of pure bovine GPX protein was clearly detectable 
in all cases (Figure 4.3.3). However despite fewer background bands, the 
presence of SeGPX in the M.edulis digestive gland cytosolic fraction was 
detectable only in the sample incubated for 30 min with the primary antibody 
and 60 min with the secondary antibody. As this sample gave a clear band 
against relatively low background signal, it was decided to use these conditions 
for the processing of samples.
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Table 4.3.3 Variation of primary and secondary antibody incubation time for 
SeGPX western blotting
S trip 1 “ an tibody 2“ antibody
a 15 min 60 min
b 30 min 30 min
c 30 min 60 min
d 30 min 90 min
e 45 min 30 min
Figure 4.3.3 Variation of antibody incubation time to detect SeGPX. 
a) b)
r
M R
*  • 
i
i
-SeGPX
B M
d) e)
-SeGPX
B R M B
B- Bovine SeGPX 2/ig, R - Rat liver cytosol, M - M .edulis digestive gland cytosol, 20pg  protein 
loaded.
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4.3.4 Densitometrical analysis of western blot results
The samples analysed were quantified using a scanning densitometer, in 
order to examine correlation between enzyme activity, mRNA levels and 
cytosolic protein levels of SeGPX. To establish whether this was possible 
using the ECL system, a calibration curve using the pure bovine GPX protein, at 
several loading concentrations, was prepared and using the optimum 
conditions for detection already established, SDS PAGE, transfer to nylon 
membrane and western blotting were carried out using 8 , 12, 16, 20, 24 and 
28jL/g pure protein. The resulting autoradiograph (Figure 4.3.4.1) was scanned 
using a Shimadzu CS9001 scanning densitometer and the peak areas 
recorded plotted versus SeGPX loaded in Figure 4.3 4 below.
It appears from Figure 4.3.4, that the results are linear in relation to SeGPX 
protein, visualised under optimum conditions of the immuno-detection process 
and could therefore be applied to measure variation in SeGPX status in 
M.edulis digestive gland cytosol.
4.3.5 Conclusion
In conclusion it appears that the sheep anti-human SeGPX polyclonal 
antibody is capable of detecting SeGPX protein in the M.edulis digestive gland 
cytosol, under optimum conditions of antibody incubation and that these results 
indicate not only the presence of GPX in the samples, but could also indicate 
the amount (relative to control samples) of SeGPX protein present in the 
M.edulis digestive gland cytosol. This assay procedure was therefore applied 
to the seasonal study of SeGPX protein levels in M.edulis digestive gland.
150
Figure 4.3.4 Quantitation of bovine SeGPX using ECL detection and 
scanning densitometry.
30
y = - 4.8295 + 1.6459x R^2 = 0.974
m 2 5 -
c3
OOO)
95 7 11 13 2115 1917
Ijg  protein loaded
Figure 4.3.4.1 western blot of bovine SeGPX protein used to generate data of 
Figure 4.3.4.
10 12 14 16
fjg protein loaded
18 20
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4.4 SEASONAL VARIATION OF GPX STATUS IN M.edulis 
DIGESTIVE GLAND
The optimised methods for detection of SeGPX mRNA, protein and the 
enzyme assay for both Se-dependent and total GPX, were employed to study 
the variation of glutathione peroxidase in the digestive gland of M.edulis. This 
study was intended to evaluate the seasonal variation in M.edulis and also to 
indicate the level of control of SeGPX activity, when influenced by 
environmental factors.
4.4.1 Materials and methods
M.edulis of around 5cm length, from Whitsand Bay, Cornwall, were collected 
at low tide and kept as in section 2.2. The following day approximately 100 
digestive glands were dissected as described in section 2.3, divided into four 
groups of equal weight, and cytosol prepared from these groups as per section
2.18.1 Enzyme assays for both Se-dependant and total GPX activities were 
then carried out as per section 2.18.2.
A further 16 digestive glands were dissected and snap-frozen for preparation 
of RNA. RNA preparation was carried out using the RNAzol B method 
described in section 2.4.3. Due to the large number of samples and the time 
constrictions on this experiment, RNA analysis was performed by slot blotting 
the RNA rather than Northern blotting. Samples of 2.5, 1.25 and 0.625pg total 
RNA were loaded onto nylon membrane and then probed with the mouse 3’ 
genomic DNA fragment (2D6 probe) of the SeGPX gene, as per section 2.15.3 
and washed under optimum stringency conditions (1 x SSC, 0.1%SDS, 42°C, 
2x 1 5  minutes), then autoradiographed for a minimum of 48 hours.
A 1ml aliquot of the cytosolic fraction was frozen at -70°C, for use in the 
Western blot analysis. Unfortunately due to breakdown of the -70°C freezer, all
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of these samples thawed out for an unknown time. Samples were therefore first 
checked by SDS-PAGE analysis, stained with Coomassie blue and selected for 
Western blotting based on minimal degradation of protein compared to normal 
samples. Due to the time constrictions of this experiment, it was not possible to 
repeat the sampling in the time remaining for this study. Standard loading of 
protein for these Western blots was therefore higher than usual (100)L/g protein, 
as determined by Lowry protein assay), to ensure a detectable level of GPX in 
the samples. Western blotting was subsequently carried out under optimised 
conditions, as per section 2 .20 .
Scanning densitometry was carried out using the Shimadzu CS9001 as per 
section 2.21. Both Western blots and RNA slot blots were scanned using a 
customised program. Slot blots were standardised to total RNA levels loaded, 
determined by staining with a 0.04% solution of Methylene blue dye (section 
2.8.1)
4.4.1.1 Statistical analysis
Values are presented as means ± SEM (n = 4). Values were compared by 
two-tailed student's t-test, or by determination of correlation coefficient, using 
the Macintosh Statview 512+ package.
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4.4.2 Results
Digestive gland SeGPX activity decreased markedly from November 1991 to 
January 1992 (P< 0.001), (Figure 4.4.2.1), followed by an increase in late 
Winter (P < 0.001), a fall to a plateau through to late Summer (February to April 
1992, P < 0.05), and a slight decline in mid Autumn (July to September 1992, P 
< 0.05)
Changes in total GPX (Figure 4.4.2.2), showed similar variation to SeGPX but 
with a clear, bi-phasic cycle of enzyme activity, with peak activity being from 
Spring (January to February 1992, P < 0.001) through Summer and at late 
Autumn, early Winter (September to October 1992, P < 0.001). The lowest 
recorded enzyme activities were in January and September for total GPX (drop 
from previous value, P < 0.001, in both instances) similar to decreases in Se- 
dependent activity.
Wide biological variability was seen in the levels of SeGPX mRNA (Figure 
4.4.2.3), detected by slot blot analysis, with only one major statistical difference 
between different sampling times. However the mRNA detected followed the 
same overall pattern as the SeGPX activity (Figure 4.4.2.1), more so than for 
total GPX (Figure 4.4.2.2), (r^ values 0.59 and 0.16 respectively), the minimum 
detectable level being in January 1992 (difference from previous value, P< 
0.05) increasing in February and remaining at approximately the same level 
until July, then falling slightly to a low point in September and increasing in 
October. Standard errors on the mRNA data were high (15 - 50%). However 
as the overall pattern is very similar to that of SeGPX, it seems reasonable to 
assume that the data obtained are representative of the actual mRNA levels in 
the cell.
With the exception of two sampling times (November 1991 and April 1992), 
the biological variability of SeGPX protein was low (Figure 4.4.2.4). The high
154
variability of these two time points may be artifactual, due to protein 
degredation caused by defrosting of the samples, but the appearance of the 
Western blots (Figure 4 4.2.5 b) and the SDS-PAGE gels stained for protein 
(data not shown) indicated no qualitative differences from other time points.
Due to the high variability of these two time points, only three significant 
changes were observed, namely a fall in SeGPX protein levels between 
November 1991 and January 1992 (P < 0.05), a fall between April and May 
1992, (P < 0.05), and a further fall from May to July 1992 (P < 0.001). This trend 
in lower SeGPX protein continued until September, followed by a slight 
increase in October. These changes were similar in trend to those of SeGPX 
activity (Figure 4.4.2.1) and mRNA (Figure 4 4.2.3), most obviously for the fall 
between November and January and the increase in the early Spring. The r^ 
values for correlation of protein vs. mRNA and vs. activity values were 0.55 and 
0.32 respectively, (0.96 against activity when omitting the April value). 
Comparison between protein and total GPX activity was low, with an r^ value of 
0.17.
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Figure 4.4.2.1, Seasonal variation of SeGPX activity in the digestive gland of
M.edulis.
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* Indicates values which differ significantly from previous value, p < 0.05 
** Indicates values which differ significantly from previous value, p < 0.001 
N.B. Nov. 24 1991 value compared against Oct. 28 1992 value
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Figure 4.4.2.2 Seasonal variation of total GPX activity in the digestive gland of
M.edulis.
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** Indicates values which differ significantly from previous value, p < 0.001
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Figure 4.4.2 3 Seasonal variation of SeGPX mRNA in the digestive gland of
M.edulis.
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Figure 4.4.2A  Seasonal variation of SeGPX protein levels in the digestive
gland of M.edulis.
9000
8000
CO
7000 o
C
=5
6000
_Cl
&  5000 c
§. 4000
Xo_
3000
a .
0)
CM
COO)
CO
2000
o
1000
0 10 20 30 5040
Week
Values are mean ± SEM, n= 4 from Nov. 1991 to Apr. 1992 inclusive, 
then n = 3 thereafter.
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Figure 44.2.5
a) Slot blot of M.edulis total RNA, probed for SeGPX using the mouse 2D6 
gene fragment 
TotalRNA loaded 2.5/ig 1.25^g 0.625/ig
Jan.6
Feb. 19 ^  •
Apr. 6
May 18 '
Jul.15 
Sep. 15
Oct.28 .
b) Western blot of M.edulis digestive gland protein, probed using sheep anti­
human SeGPX antibody
27.5KDa-
23KDa-
18.5KDa-
Nov.19 Jan.6 Feb. 19 Apr.6 Markers May 18 Jul.15 Sep. 15 Oct.28
V , w w
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4.4.3 DISCUSSION.
The seasonal regulation of M.edulis metabolism, particularly of enzymes in 
the digestive gland, was seen as an opportunity to explore not only the 
relationship between forms of GPX and their activity and function, but also to 
investigate the way in which the regulation of the Se-dependant form is 
controlled. As the seasonal cycle of SeGPX activity in the Whitsand bay 
population of M.edulis had already been characterised (Viarengo et a/ 1991a), 
the cycle could be compared to previous results for other parameters, total GPX 
activity, and regulation of SeGPX at either the protein or mRNA level.
The detection of M.edulis SeGPX mRNA and DNA and the detection of 
protein corresponding to the 23KDa subunit of SeGPX, using the human DNA 
probe and antibody, was fundamentally necessary to continue the exploration 
of GPX function in this species. Work by Goldfarb et a! (1989) strongly 
indicating the presence of SeGPX mRNA in the digestive gland, and the 
detection of enzyme activity (Livingstone eta! 1992) provided evidence of the 
SeGPX enzyme in the digestive gland of M.edulis, which would require the 
necessary DNA and mRNA sequences. The studies in chapter 3 had shown 
similarity between enzyme activity and a related mRNA species in M.edulis, but 
confirmation and optimisation of the detection was necessary in order to prove 
that the detected RNA was the mRNA for SeGPX and that detection was related 
to quantity of mRNA present. Again with the protein, detection was refined until 
reliable detection was achieved which could then be applied to quantification of 
experimental samples.
Changes in DNA sequence and resultant protein structure are generally 
considered inevitable throughout evolution (see Stryer 1981, Alberts et al 
1983), their occurrence being necessary for the evolutionary changes, 
displayed as phenotype, to occur. Hence the evolutionary didistance between
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human, mouse and M.edulis shows in the phenotypes and therefore derives 
from their genotypes, implying that the possibility of detecting related 
sequences of nucleic acid are reduced, due to low sequence similarity, 
reducing the affinity of the different molecules for each other (Sambrook et ai 
1989). However in the case of proteins (and their corresponding DNA 
sequences) that are crucial for normal functioning of cells, fewer mutations can 
be tolerated (Alberts et al 1983), as many of the mutations possible would 
render the gene product disfunctional. Therefore these gene sequences are 
generally better conserved throughout evolution and chances of their detection 
using related sequences from other species is more likely than for those of 
gene products of relatively less importance.
Despite the fact that some changes in the SeGPX gene must have occurred, 
given its inclusion of a suspected evolutionarily-ancient codon (Chambers et al 
1986, Goldfarb 1988) and its continued use throughout evolution (Smith and 
Shrift 1979), the gene should be sufficiently intolerant of major mutational 
changes to be recognisable by probing with related sequences, or the protein 
gene-product with specific antibodies. However the fact that a number of these 
changes must have occurred indicates that detection must be carefully 
controlled to optimise the result obtained. As the final results for the Southern 
analysis of M.edulis showed only a single band, the protocol was assumed to 
be specific to detection of SeGPX nucleic acid sequences and therefore 
adequate for quantitative experiments. Again with the protein detected at 
23KDa, using the sheep anti-human SeGPX antibody, confidence could be 
placed in results using this method to quantify levels of SeGPX in M.edulis 
derived cytosolic samples.
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The seasonal profile for Se-dependant GPX activity correlates well with 
results obtained for M.edulis by Viarengo et al in 1991, where peak activity 
occurred in November and May. The variations may well be due to the 
relationship between external temperature, food intake and reproductive cycle 
in M.edulis . Temperature difference in the surrounding seawater has been 
shown to influence the reproduction of M.edulis (Seed 1983). It is known that 
the process of reproduction concerns the formation of the gametes from stored 
materials in the mantle tissues (Seed 1983) and that seasonal regulation of 
metabolism in the mantle and digestive gland coincides with formation of 
gametes in several bivalves including M.edulis (McDowell Cappuzzo et al 
1989, Seed and Suchanek 1992).
The availability and uptake of food has an undoubted influence on 
gametogenesis in bivalves (Pieters 1979). It may be that both reproductive 
cycle and food uptake/availability are controlling factors of metabolic changes 
in the digestive gland of M.edulis and result in seasonal variation in ROS 
production. Seasonally related food intake (Widdows et al 1979) and 
seasonal variability in biochemical activity related to metabolism of food and 
biosynthesis, such as glycogen metabolism, and glucose entry into the pentose 
phosphate pathway, have been reported in the digestive gland of M.edulis 
(Livingstone 1980, Livingstone and Clarke 1983). Vitamin E and reduced 
glutathione levels, SOD and catalase activities in the digestive tissues of 
M.edulis and M.galloprovincialis all showed an increase concurrent with that of 
SeGPX activity, reaching a peak at May and lowest point in February (Viarengo 
etal 1991), again following the seasonal regulation of gametogenesis and the 
related metabolic changes (see above). Increased lipid content in the whole 
animal was observed by McDowell Capuzzo et al (1989), the increase 
coinciding with increased SeGPX, catalase and SOD activity and increases in
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free radical scavengers such as GSH and vitamin E. These changes were in 
turn concurrent with falls in detectable malondealdehyde content, which is a 
general index of lipid peroxidation and therefore free radical attack on lipid. 
The carotinoid levels in M.galloprovincialis were found to fluctuate in 
accordance to phytoplankton population growth (Viarengo eta l 1991a).
Therefore, the apparent link, is that temperature variation regulates food 
intake, which either directly, or in conjunction with temperature, influences the 
reproductive cycle. Increased food and potential dietary xenobiotic intake may 
result in ROS production, with metabolism of lipids for gamete production 
resulting in increased levels of lipid peroxidation. Both factors infer that the 
antioxidant defences known to exist in the digestive gland of M.edulis 
(Livingstone et al 1992, Gamble et al 1995) would be required to increase, to 
counteract the production of the ROS and remove any lipid peroxides present.
As yearly temperature variation will not be identical for each year, the 
influence of temperature on the reproductive cycle and other processes of 
M.edulis will be manifest at varying times related to that temperature, (the 
lowest point of SeGPX activity in this study was recorded in January, rather 
than February, Viarengo e ta l 1991a). It is possible that the difference in 
SeGPX activity seen indicates a link to temperature-dependent regulation of 
metabolism, resulting from a need for increased protection against peroxide 
formation.
The seasonal regulation of total GPX activity showed some similar variation to 
that of SeGPX activity, however the overall trend was far clearer, with the 
presence of two peaks and two troughs in activity. The total GPX activity 
showed less similarity with the mRNA and protein values obtained than did 
SeGPX activity, implying activity from sources other than SeGPX. Therefore the
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total activity of GPX in the recorded results is probably supplemented by GPX 
activity of other enzymes. Most likely is the additional activity of some isoforms 
of glutathione S-tranferase (Ketterer 1986), which have been detected in a 
number of bivalves (Livingstone 1991a), and in multiple forms in M.edulis 
(Fitzpatrick and Sheehan 1993). This additional activity, which is capable of 
detoxication of lipid hydroperoxides but not hydrogen peroxide may therefore 
be in response to the seasonal variation in lipid levels and peroxidation in the 
digestive and mantle tissues (Viarengo e ta l 1991a, McDowell Capuzzo et al 
1989). Increase in GPX activity in general would doubtless contribute to the 
lower levels of lipid peroxidation indicated, thus it is possible that the isoforms 
of glutathiones S-transferase with GPX acivity are induced alongside SeGPX in 
order to prevent lipid peroxidation, as increased food intake (and therefore 
dietary xenobiotic levels), metabolic rate, and high lipid levels coincide.
The seasonal regulation of SeGPX mRNA showed less variation than that of 
enzyme activity, although the trends in activity and mRNA levels detected gave 
coincidental increases and decreases in mean values at each time point. Thus 
despite high variation in the mRNA values, a link between the two sets of 
values seems evident. The r^ values were closer when compared to SeGPX 
activity than for total GPX activity, the high biological variability of the mRNA 
data possibly due to lower numbers of animals being used for RNA extraction 
per time point (16 as opposed to 100-200 for enzyme activity). Further to this, 
the close correspondence between the two curves indicates that the seasonal 
regulation of enzyme activity is probably controlled at the level of RNA 
expression, the levels of RNA being altered to govern the final protein and 
enzyme activity levels. It therefore appears that control of mRNA level is at least 
partially responsable for the regulation of SeGPX activity in the digestive gland
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of M.edulis. As was observed in chapter 3, levels of SeGPX mRNA do not 
exactly mirror those of enzyme activity, however the similarity in trends and the 
fact that regulation to any degree of mRNA is apparent, would suggest that 
variation of mRNA level is a major route of protein and enzyme activity 
regulation.
In the case of the seasonal regulation, it is not evident what triggers the 
lowering of the mRNA for SeGPX, whether dietary Se, or lowered oxygen 
uptake levels, or other factors are involved. In most animals Se intake is 
dietary, in the form of selenite, selenate and Se-methionine. Studies in rats 
(Toyoda eta l 1989, Ghu eta l 1990, Saedi et al 1988 and Sunde 1990) have 
shown that in cases of controlled Se depletion, mRNA levels undergo 
exponential decrease, which is reversible by addition of Se via the diet. Thus 
Se appears to be a major controlling factor of SeGPX status, acting at the level 
of transcription. Whether Se uptake in M.edulis is also seasonally governed 
was investigated by Goede et al (1993), who showed that Se content of 
M.edulis varied seasonally and coincidentally with the reproductive cycle. As 
the reproductive cycle and food uptake appear to be regulated alongside 
SeGPX, this may represent the mechanism of SeGPX regulation, either by 
passive uptake from food or direct uptake from seawater.
In addition to Se related mRNA regulation, oxygen tension and uptake have 
also been shown to influence mamalian SeGPX expression, (Cowan et al 
1993) and oxygen responsive elements have been found downstream from the 
SeGPX gene, which cause increased SeGPX mRNA production in the 
presence of increased oxygen levels. An increase in cellular oxygen levels, 
possibly related to use for increased metabolic activity may therefore result in 
an increased production of SeGPX in M.edulis.
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Protein levels recorded for SeGPX did not match closely to activity recorded, 
primarily due to large variation and mean values recorded for two time points 
(November 1991, April 1992). This difference may reflect degradation of 
protein either as an artifact of the experiment or due to normal cellular 
processes. Low biological variability in the remaining samples contradicts 
experimental causes of degradation, so it is possible that natural inhibition, or 
partial degradation, may be the cause of high protein levels but low recorded 
activity. Interestingly, the levels of mRNA were more closely correlated to 
SeGPX protein levels than was activity, possibly indicating enzyme inactivation. 
However, when one extreme protein value is removed (April 1992), the r^ for 
protein against activity becomes 0.96, indicating a direct relationship at all other 
time points.
Studies on the protein and enzyme status in mammals (Yoshida et al 1982, 
Sunde 1990) showed decreased GPX protein and enzyme activity related to 
dietary Se depletion, and studies by Smith et al (1989) showed that the mRNA 
levels and enzyme activity levels varied in a manner showing dependency on 
dietary Se levels in rats. The conclusions that may be drawn from this and 
other similar studies in human tissues (Singh et al 1990), is that regulation of 
SeGPX status, in mammals at least, is at the level of transcription. The results 
thus far obtained in M.edulis appear to support this conclusion to include 
marine invertebrates.
In conclusion, it appears that the regulation of SeGPX observed in M.edulis is 
governed either by food intake and/or gametogenesis, both being seasonally 
varied factors influenced by seawater temperature. The mechanism of control 
may well involve increased oxygen, food xenobiotic and lipid levels in the
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animal. This situation would require increased levels of enzymes with GPX 
activity (SeGPX and certain glutathione S-tranf erases), and the control of the 
SeGPX status in particular, extends to mRNA levels and protein levels as well 
as enzyme activity. From this observation, when compared to the current 
literature regarding mammalian GPX expression, it is possible to conclude that 
the regulation of SeGPX production is indicated to occur at the mRNA level. 
The data therefore shows that gene regulation is occurring in M.edulis and it is 
possible that factors such as dietary xenobiotic-induced stress and lipid 
peroxidation may be responsible for the observed effect.
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CHAPTER 5
EFFECTS OF STARVATION ON THE ANTIOXIDANT 
ENZYMES OF Mytilus eduliSj 
Asterias rubens AND Carclnus maenas.
5.1 INTRODUCTION.
The studies on species and tissue distribution of antioxidant enzymes 
(chapter 3) in M.edulis, P.maximus, C.maenas and A.rubens revealed 
differences which might be related to the different diets and lifestyles of the 
organisms, e.g. it was suggested that high catalase and SeGPX activities in 
pyloric caeca of A.rubens might be related to high dietary input of protein and 
resultant amino acid oxidation to yield H2O2- Similarly, the seasonal studies on 
digestive gland of M.edulis, (chapter 4) indicated regulation of SeGPX activity 
possibly in relation to both reproduction, oxidative stress and food xenobiotic 
intake.
In order to investigate the effects of nutrition on antioxidant enzyme activities, 
starvation experiments were carried out on three species with different dietary 
strategies, M.edu//s (herbivore)(Morton 1983), C.maenas (omnivore) (Dali and 
Moriarty 1983, Grahame 1983) and A.rubens (carnivore) (Jangoux 1982). 
Animals were kept under ambient conditions, without food for prolonged 
periods (up to 10 weeks) known from published studies to cause significant 
starvation, as indicated by decreased respiratory rates and or utilisation of 
bodily reserves (see section 5.2). Activities of SeGPX, total GPX, SOD and 
catalase were measured in the digestive and respiratory tissues. The digestive 
tissues were chosen as the major localisation of antioxidant enzymes and the
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tissue most likely to be immediately affected by a decreased intake of pro­
oxidant chemicals. The respiratory tissues were chosen for comparison, being 
the tissue likely to be affected by decreased oxidative metabolism but not 
xenobiotic intake. Additionally, in order to indicate whether any observed 
changes in antioxidant enzyme activities might be specifically related to 
changes in pro oxidant/antioxidant status of the tissue, rather than to a general 
change in enzyme level, activities were also measured for two enzymes 
unconnected with antioxidant function, i.e. malate dehydrogenase (MDH, EC 
1.1.1.37) and lactate dehydrogenase (LDH, EG 1.1.1.27).
It has been shown in other species (Vigano et al 1993) that food deprivation 
may alter the ability of marine species to defend against incoming xenobiotics. 
Such factors may lead to increased levels of ROS, thereby necessitating an up- 
regulation of the antioxidant enzymes. It is also possible however, that the 
starvation may have an effect on reducing enzyme synthesis in the cells 
resulting in a down-regulation of protective enzymes, which may make the 
animal more vulnerable to xenobiotic toxicity.
It has also been shown that SOD activity was related to tissue specific rates of 
O2 consumption in the bivalve Tridacna crocea (Shick and Dykens, 1985). 
Dietary production of H2O2 from wood products has been indicated in the slug 
Arion ater (Mann et al 1989) and ROS can interfere with the lysosomal 
digestive function of digestive gland of M.edulis (Winston et a /1991).
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5.2 MATERIAL AND METHODS
5.2.1 Mytilus edulis
M.edulis of approximately 5cm shell length, collected from Whitsand Bay in 
Cornwall, were gently scraped to remove barnacles from the shell and placed 
in tanks of recirculated filtered (0.45//m pore size) seawater, at constant 
temperature of 15 ± 0.5°C, and fed on a diet of Phaecodactylum trlcornutum, (3 
day culture) at a rate of 51/day. Each group consisted of approximately 100 
animals. After three days of feeding, the food flow to one of the tanks was 
stopped, the flow to the other tank remaining unchanged. Twelve animals were 
removed from both groups, after 1 week, 3 weeks and 5 weeks from the start of 
starvation, the digestive gland and gill tissue immediately dissected from each, 
and pooled into six groups of two animals each per experimental condition. 
The tissues were frozen in liquid nitrogen and stored at -70°C until required. 
After 5 weeks, mortalities were observed in the starved group and the 
experiment was terminated.
5.2.2 Asterias rubens
Animals were obtained from Kingsand Bay, Cornwall, as described in chapter 
2 and were placed in a tank of recirculated seawater at ambient temperature, 
for one week, to allow acclimatisation. The animals were then split into groups 
of 40 animals, in separate tanks, in the same circulation system. One of these 
groups was fed ad llbldum on a diet of approximately one mussel (M.edulis 
from Whitsand bay) per animal per three days. The starved group was fed as 
above for the initial acclimatisation period, but given no food after the start of 
the experiment. Animals were sampled at 1, 3 and 5 weeks starvation. 
Literature indicated that starvation beyond eight weeks would result in the 
death of the animals and the initial experiment was designed to stop before this
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point. However, other studies on A.rubens (Den Besten et al 1991) indicated 
that A.rubens could survive for periods of up to ten weeks without fatalities. A 
subsequent experiment was therefore carried out, under identical conditions, 
with samples taken at 10 weeks starvation. The upper skin and pyloric caecum 
were dissected from two arms of each animal, both being pooled to represent 
one sample. The tissues were immediately frozen in liquid nitrogen and stored 
at -70°C.
5.2.3 Carclnus maenas
Animals of 5 to 7cm carapace diameter were collected from Kingsand bay, 
Cornwall, placed in holding tanks of filtered, ambient temperature seawater for 
one week and then separated into two groups of 30 animals, in smaller tanks 
on the same seawater system. One group was fed fresh dab {Limanda 
limanda) at approximately 500g per tank per three days. Six animals were 
removed from each group after 1, 4 and 7 weeks from the start of starvation. 
After 9 weeks significant mortalities were observed among the starved animals 
and the experiment was terminated.
On each sampling occasion the hepatopancreas and gill tissue were 
dissected from 6 animals and frozen in liquid nitrogen and stored at -70°C until 
required.
Due to freezer failure at PML, the original week 7 samples were lost. To 
compensate for this, a second experiment was set up with all conditions as 
above, and samples taken (fed and starved) after 7 weeks starvation. MDH 
activity was chosen to assay instead of LDH activity as results obtained were 
reproducible only for MDH in C.maenas.
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5.2.4 Cytosol preparation and enzyme assays
Cytosol preparation and assays of SeGPX, total GPX, catalase, SOD, LDH 
and MDH activity were carried out as described in chapter 2, sections 2.18.1 to 
2-18.9
5.2.5 Statistical analysis
Values are presented as means ± SEM (n = 6). Values were compared by 
two-tailed student’s t-test, or by determination of correlation coefficient, using the 
Macintosh Statview 512+ package.
173
5.3 RESULTS
The enzyme activities recorded for M.edulis (Table 5.3.1) showed more 
effects in the gill than the digestive gland. Significant differences from the 
control (P< 0.05) were only observed after 5 weeks starvation. In the gills, both 
SOD and LDH activities were lower after 5 weeks starvation, whereas 
increases were seen for catalase, SeGPX and total GPX activities. In contrast, 
in the digestive gland after 5 weeks starvation, SOD activities were also 
indicated to be lower, but other activities remained unchanged.
Activities in both fed and starved animals showed variation with time. The 
lowest general activities in most digestive gland enzymes occurred after 3 
weeks, whereas activities in gill enzymes were generally highest after 1 week. 
However in both tissues, a particularly marked increase in SeGPX and LDH 
activities was apparent between 3 and 5 weeks, which was observed for both 
fed and starved animals.
Activities were higher at all times and conditions in the digestive gland than in 
the gill, relative values showing between two and five times higher levels of 
activity in the digestive gland.
The results for A.rubens are presented in Tables 5.3.2 a and 5.3.2 b. 
Generally, enzyme activities were higher in the pyloric caeca than the upper 
skin and as was found for gill of M.edulis. The majority of the changes in 
enzyme activities were seen in the respiratory tissue (skin, total GPX, catalase, 
SOD, LDH) rather than the digestive tissue (pyloric caeca), the differences 
being statistically significant (p< 0.05) only after the longest starvation periods 
(5 or 10 weeks).
Again showing similarity to M.edulis, both SOD and LDH activities were lower 
in the respiratory tissue after 5 weeks starvation (Tables 3.5.1, 3,5,2). However
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in contrast to M.edulis, catalase, SeGPX and total GPX activities were lower, or 
indicated to be lower, in the respiratory tissue at 5 weeks starvation. Such 
differences were less apparent for pyloric caeca, although mean values for 
SeGPX and total GPX activities declined much more after 5 weeks starvation 
than did those of the other enzymes. Changes over time for the fed A.rubens 
were different to those for M.edulis. Thus trends for fed animals showed 
fluctuation (total GPX), no change (mainly pyloric caeca), or a marked increase 
in activity after 5 weeks (SOD, SeGPX, and LDH activities in the skin).
The 10 week starvation experiment supported the results of the 5 week study 
with indicated lower activities of SOD, catalase, SeGPX and total GPX in skin of 
starved compared with fed animals (Table 5.3.2 b). However, in contrast to the 
5 week study, higher activities of SOD in the pyloric caeca and LDH in the skin 
were found (Table 5.3.2 a and 5.3.2 b).
Four out of the six statistically significant results occurred after five weeks 
starvation and although trends in most samples continued through to 10 weeks 
starvation, changes in LDH activity in the skin were statistically significant both 
falling, then rising.
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Table 5.3.1 Effect of 5 weeks starvation on the activities of the antioxidant
enzymes in the digestive gland and gills of Mytilus edulis .
Superoxide
dismutase
(SOD units/min/g wt wgt)
GILL
DG
Fed 
starved
Fed
starved
Catalase
(nmol/min/g wt wgt)
Fed
GILL starved
DG Fed
starved
SeGPX
(nmol/mln/g wt wgt) 
Fed
GILL starved
DG Fed
starved
Total GPX
(nmol/min/g wt wgt) 
Fed
GILL starved
DG Fed
starved
1 WEEK
152(±20.7)
129(±27.3)
415(±53.9)
355{±45.7)
590(±42.0)
599(±175)
2758(±87.7)
2476(±223)
176(±48.0)
260(±78.0)
254(±9.3)
140{±27.6)
1007(±238)
1492(±273)
823(±98.7)
1343(±203)
Lactate dehydrogenase
(nmol/min/g wt wgt)
Fed 113(±20.8)
GILL starved 83 (±9.4)
DG Fed
starved
136(±12.2)
121(±13.3)
3 WEEKS
174(±10.3)
198(±21.4)
295(±31.9)
350(±11.2)
388(±34.6)
384(±39.9)
1937(±220)
2288(±200)
68.5(±27.5)
14.1(±3.12)
55.4(±9.5)
67.6{±10.7)
210(±72.3)
225(±41.5)
722(±230)
745(±77.0)
43.3(±15.5)
47.3(±12.1)
67.3(±12.6)
74.3{±17.7)
DG = digestive gland All values are mean ± SEM, n=6.
5 WEEKS
141 (±12.7) 
83.0(±18.3)*^
348(±20.4)
251(±12.3)’
245(±19.6)
378(±47.5)*
1817(±241)
1805(±238)
111(±20.8)
185(±35.4)*
351(±71.8)
262(±77.2)
265(±42.6)
535(±112)*
1820(±645)
507(±109)
275(±28.5)
154(±33.7)*
630(±52.4)
581(±83.4)
Values which differ significantly from Fed value (student t-test), * p<0.05, ** p<0.01
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Table 5.3.2 a Effect of 5 weeks starvation on the activities of the antioxidant
enzymes in the pyloric caeca and upper skin of Asterias rubens .
Superoxide
dismutase
(SOD units/min/g wt wgt)
Fed 
SKIN starved
1 WEEK
27.7(±7.5)
51.0(±16.1)
3 WEEKS
68.4(±9.4)
61.3(±6.6)
5 WEEKS
105.7(±7.0)
58.6(±2.3)*'
PC Fed
starved
199(±30.3)
253{±77.3)
243(±43.6)
216{±25.6)
185(±18.7)
163(±18.0)
Catalase
(pmol/min/g wt wgt) 
Fed
SKIN starved
PC Fed
starved
2.84(±0.19)
2.79(±0.45)
38.3(±4.28)
34.6{±4.21)
1.67(±0.24)
2.50(±0.26)
46.0(±3.79)
41.1(±1.54)
3.33(±0.14)
2.02(±0.08)**
32.8(±5.44)
30.0(±3.45)
SeGPX
(nmol/min/g wt wgt) 
Fed
SKIN starved
PC Fed
starved
Total GPX
(nmol/min/g wt wgt) 
Fed
SKIN starved
PC Fed
starved
nd
nd
356(±130)
433(±74.5)
196(±28.7)
328(±59.9)
587(±113)
481(±48.0)
Lactate dehvdroqenase
(nmol/min/g wt wgt)
Fed 67.5(±1.60)
SKIN starved 81.4(±16.1)
PC Fed
starved
196(±38.8)
342(±98.6)
nd
nd
233(±14.4)
175(±25.6)
344(±28.8)
438(±67.8)
834(±139)
795{±91.7)
68.7(±13.1)
56.4(±7.61)
223(±30.2)
308{±43.2)
25.1 (±15.1) 
20.6(±3.9)
423(±111)
239(±43.4)
420(±47.0)**
204(±47.5)
269(±97.0)
153(±42.4)
317(±83.0)
110(±11.2)*
129(±23.3)
120(±12.3)
nd, not detected PC, pyloric caeca. All values are mean ± SEM, n=6. Values which differ 
significantly from the mean * p<0.05, ** p<0.01, ***p<0.001.
177
Table 5.3.2 b Effect of 10 weeks starvation on the activities of the antioxidant
enzymes in the pyloric caeca and upper skin of Asterias rubens .
Superoxlde
dism utase
(SOD units/min/g wt wgt) 
Fed 
SKÎN starved
V Fed 
starved
Catalase
(jL/mol/min/g wt wgt) 
Fed
SKIN starved
P o^  Fed 
starved
SeGPX
(nmol/min/g wt wgt) 
Fed
SKIN starved
P C control 
starved
Total GPX
(nmol/min/g wt wgt) 
Fed
SKIN starved
p oo Fed 
starved
Lactate dehvdroqenase
(nmol/min/g wt wgt)
Fed
SKIN starved
PC Fed
starved
10 WEEKS
77.1 (±7.2) 
61.8(±7.2)
S1.7(±4.3)
16S(±12.0)
3.88(±0.51)
2.84(±0.47)
22.6(±1.75)
25.3(±12.1)
28.1 (±18.8) 
16.11 (±7.6)
326(±28.2)
237(±33.8)
634(±177)
265(±38.7)
605(±21.7)
569(±64.7)
87.7(±4.40)
135(±7.50)**
129(±14.8)
131(±9.50)
PC, pyloric caeca. All values are mean ± SEM, n=6. Values which differ significantly from the Fed 
value, ** p<0.01, ***p<0.001, (Student t-test)
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The results for C.maenas are presented in table 5.3.3. Whereas the level of 
antioxidant enzyme activities measured in previous studies on C.maenas 
collected in early Spring 1992 were generally lower than in M.edulis, 
P.maximus and A.rubens (Chapter 3), those of this study on C.maenas 
collected in late Autumn were similar (Tables 5.3.1 to 5.3.3). However the 
differences between tissues compared to the tissue differences of the other 
three species were not as distinct as here, where SOD, SeGPX, total GPX and 
especially catalase are higher in the digestive tissue than gill (results compared 
for fed animals of week 1 - table 5.3.3).
As with the starvation studies on M.edulis and A.rubens, the majority of the 
statistically significant differences (P < 0.05) were found in the respiratory (gills) 
rather than the digestive tissues (hepatopancreas), and after prolonged rather 
than shorter periods of starvation (4 or 7 weeks). SOD activity decreased in 
gills after both 4 and 7 weeks starvation (table 5.3.3), consistent with the same 
changes for respiratory tissues of both M.edulis (table 5.3.1) and A.rubens 
(Table 5.3.2) after 5 weeks starvation. The changes for SeGPX and total GPX 
activities were more similar to A.rubens than M.edulis, with decline rather than 
increases being observed in gills after 4 weeks starvation. However, increased 
SeGPX activity was seen in the hepatopancreas after 7 weeks starvation, and 
the general trend for catalase was an increase in activity with starvation in both 
tissues.
Few changes in enzyme activities over time were noted, with the exception of 
an increase in SeGPX activity in both tissues and conditions between 1 to 7 
weeks.
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Table 5.3.3 Effect of up to 4 and 7 weeks starvation on the activities of the 
antioxidant enzymes in the hepatopancreas and gills of Carcinus maenas
b) 7 weeks 
maximum
a) 4 weeks maximum 
1 WEEK 4 WEEKS
Superoxide
dismutase
(SOD units/min/g wt wgt)
GILL
HP
Fed 
starved
Fed
starved
Catalase
(nmol/min/g wt wgt) 
Fed
GILL starved
HP Fed
starved
SeGPX
(nmol/min/g wt wgt) 
Fed
GILL starved
HP Fed
starved
Total GPX
(nmol/min/g wt wgt) 
Fed
GILL starved
HP Fed
starved
128(±7.4)
117(±5.1)
285(±67.6)
327(±31.1)
732(±220)
418(±81.4)
37(±7.9)
41(±14.3)
145(±9.4)
155(±23.9)
264{±68)
276.2(±26.5)
785(±86)
700(±221)
2114(±630)
451(±103)
Malate dehvdroqenase
(mmol/min/g wt wgt)
Fed 49.7(±13.5)
GILL starved 20.2(±9.2)
HP Fed
starved
9.32(±3.67)
1.27(±0.25)
163(±3.4)
136(±10.7)*
86.1{±28.2)
103(±16.1)
1860(±234)
2764(±118)
218(±97)
44.2{±19.0)
244(±38.4)
150(±17.7)*
227(±47.9)
180(±27.8)
767(±126)
436(±84)
405(±66.6)
1015(±294)
38.6(±6.6)
59.0(±2.51)
1.69{±361)
7.64{±3.15)
108(±5.2)
83(±6.1)*
197(±35.1)
149(±15.4)
161 (±19.3) 
305(±88.4)
19.7(±4.7)
27.0(±14.2)
342(±59.8)
499(±54)
511(±74)
1035(±113)
651 (±103) 
318(±81.3)
324(±64.6)
nd
23.8(±1.67)
17.9(±3.82)
0.27(±0.14)
0.04(±0.01)
nd, activity not detected, HP, hepatopancreas. All values are mean ± SEM. Values marked 
differ significantly from Fed value (p < 0.05), (student t-test).
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The observed results for prolonged starvation (5 to 7 weeks) are plotted as 
percentages of fed values in Figures 5.3.1 (digestive tissue) and 5.3.2 
(respiratory tissue). In the respiratory tissues of all species, there was a 
significant decrease in SOD activity (using values from Tables 5.2.1, 5.3.2a and 
5.3.3b). In the digestive tissue, decreases in SOD activity were seen for 
M.edulis and C.maenas but not A.rubens , where SOD increased nearly 2- 
fold. Further trends were apparent, such as the increase in catalase and 
SeGPX activity in the respiratory tissue of both M.edulis and although not 
statistically significant, in C.maenas. Total GPX activity also increased in the 
respiratory tissue of M.edulis. In the digestive tissue of C.maenas, the levels of 
SeGPX also increased by nearly 2-fold. Increases of catalase in the digestive 
tissue of A.rubens and C.maenas were indicated but were not statistically 
significant.
In the respiratory tissue of A.rubens, significant decreases were seen for 
SOD, catalase, and total GPX activity. Lactate and malate dehydrogenase 
activities in both tissues either declined or did not change.
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Figure 5.3.1 Relative changes in antioxidant enzyme activity and lactate or 
malate dehydrogenase activity in respiratory tissues of M.edulis, A.rubens and 
C.maenas after prolonged starvation.
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SOD-superoxide dismutase, GPX- glutathione peroxidase, LDH- lactate dehydrogenase, MDH- 
malate dehydrogenase. Values are mean starved, as a percentage of mean fed, error bars 
represent SEM starved as percentage of mean fed. Values and statistics are for 5 weeks 
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Figure 5.3.2 Relative changes in antioxidant enzyme and lactete or malate 
dehydrogenase activity in the digestive tissues of M.edulis, A.rubens and 
C.maenas after prolonged starvation
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-malate dehydrogenase. Values are mean starved, as a percentage of mean fed, error bars 
represent SEM starved as percentage of mean fed. Values and statistics are for 5 weeks 
starvation for M .edulisar\d A .rubens, and 7 weeks starvation for C.maenas. (Tables 5.3.1, 5.3.2a, 
and 5.3.3b)
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5.4 DISCUSSION
ROS can be produced from both endogenous and exogenous sources and 
starvation can affect the latter if pro-oxidant chemicals are present in the diet of 
the organism. These phenomenon are well established for insects, e.g. 
increased input of the dietary O2' generating flavinoid quercetin increased SOD 
activity in several in lepidopteran species (Pritsos et al 1990, 1991) but little is 
known for marine invertebrates. The mechanism for the production of H2O2 
from dietary lignin or lignin precursors has been suggested in the gastropod 
A.ater via the action of alcohol oxidase (EC 1.1.2.7) and aldehyde oxidase (EC 
1.2.3.1) (Malik et al 1987, Mann et al 1989). Another possible exogenous 
source for filter feeding herbivores, such as M.edulis, is the presence of intact 
photosynthetic algae in the digestive system (Morton 1983). Again little 
quantitative data is available on the ROS levels involved in this phenomenon, 
but photosynthetic symbiotic zooxanthellae algae are known to induce SOD 
and catalase activities in host sea anemone species (Dykens 1984, Dykens 
and Shick 1984, Shick and Dykens 1985, Lesser and Shick 1989).
Theoretically, starvation could affect any of the endogenous sources of ROS 
production by a decrease in energy input and electron transfer activity, a likely 
immediate effect probably being a reduction of oxidative phosphorylation 
activity of the mitochondria (see chapter 1). A potential for both NADH-and 
NADPH-dependent ROS generation in digestive and respiratory tissues of 
M.edulis, C.maenas and A.rubens has been demonstrated (chapter 3, Gamble 
etal 1995), and decreased whole body respiration rates with starvation are well 
established for animals, including bivalves (Widdows 1973, 1978, Bayne 1976) 
and Crustacea (Vernberg 1983). Starvation could also effect other ROS- 
generating processes, such as lipid peroxidation associated with tissue 
breakdown, e.g. in M.edulis (Viarengo et al 1991), and the immunological
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functioning of phagocytic haemocytes, e.g. in M.edulis (Pipe 1992, Pipe et al 
1993) and the pacific oyster, Crassostrea gigas (Takehashi eta l 1993).
Starvation studies were carried out to compare the digestive and respiratory 
tissues as the organs most likely to be affected by respectively dietary pro­
oxidant chemicals and decreased respiratory activity. As a result of starvation, 
the antioxidant enzyme activities SOD, catalase, SeGPX and total GPX could 
be affected in response to altered ROS and other pro-oxidant production, or 
simply along with general enzyme changes. In an attempt to distinguish 
between these two aspects, activities were also measured of enzymes not 
involved in antioxidant function, i.e. cytosolic LDH or MDH. Both LDH and MDH 
activities are wide-spread in marine invertebrates, including M.edulis, 
C.maenas and A.rubens (Livingstone ef a/1983), and are indicated to perform 
similar functions in intermediary metabolism as in higher organisms 
(Livingstone 1976, 1983, 1991, Ellington 1982, De Zwaan 1983), although the 
role of lactate formation in anaerobic metabolism is minimal in M.edulis (De 
Zwaan 1983).
Considering first the differences between tissue-types, it might be expected 
that starvation would firstly affect the tissues concerned with the breakdown and 
of food i.e. the digestive tissues. Effects in the respiratory system would be 
expected to be less immediate because their basic requirements would not be 
greatly effected until the total metabolism of the animal began to change as a 
result of starvation. However, in this study, the majority of significant changes in 
antioxidant enzyme activities were in the respiratory tissue (tables 5.3.1 to 
5.3.3). Species differences were noted and although SOD activity decreased 
in gills or skin of all three species, increases in catalase and SeGPX activities 
were seen only in M.edulis and C.maenas. The decreases in SOD activity 
could be due to a general decrease in synthesis of new enzyme as proteins are
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catabolised rather than anabolised and the supply of metabolites for synthesis 
are depleted. Supporting this argument is the fact that LDH and MDH activities 
also decreased and oxygen consumption rates (indicative of metabolic flux ) 
are known to decrease with starvation. For example it has been shown for 
C.maenas that the uptake of oxygen was reduced by 60% initially, then by a 
further 40%, with prolonged starvation (Wallace 1973). These changes in 
oxygen uptake were thought to reflect changes in utilisation of energy reserves, 
firstly carbohydrate, then lipid and proteins. Similar results have been obtained 
for other Crustacea and molluscan species (see above). The observations that 
the other enzyme activities (catalase, SeGPX, total GPX) increased in the 
respiratory tissues of some species, with starvation, would suggest that the 
decrease in SOD activity may represent a specific down-regulation of the 
enzyme. In studies on the gas gland of fish, a tissue subjected to very high 
oxygen tension, correlations have been observed between SOD activity and 
the potential for O2" generation (Morris and Albright 1984, Lemaire et al 1993). 
The decreased respiratory rates in all three species would lead to a lowering of 
the potential for O2" generation and therefore less need for SOD activity.
The increases of catalase and SeGPX activities were seen in respiratory 
tissues of M.eduHs and C.maenas but not of A.rubens, whereas total GPX 
activity increased only in M.edulis. These activities showed increases of at 
least 50%. The fact that SeGPX and total GPX activities both increased in 
M.edulis, but SeGPX activity only increased in C.maenas, indicates a difference 
between the two species with respect to the substrate causing increases of 
GPX activity (an increase in SeGPX activity would be expected to be reflected 
in an increase also in total GPX activity if the enzyme was utilising mostly lipid 
hydroperoxide as substrate, but only SeGPX regulation would vary with
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changes in H2O2 levels), and the inducibility and contribution that the GPX 
activity of glutathione S-transferases make to total GPX activity (Lawrence and 
Burk 1976). Nothing is known of the GPX activity of glutathione S-transferase 
in M.edulis and C.maenas, but both species contain glutathione S-transferase 
activity (Lee 1988), and multiple forms are present in M.edulis (Fitzpatrick and 
Sheehan 1993) and Crustacea (Livingstone 1991a). As the functions of these 
enzymes are concerned chiefly with the detoxication of peroxides, it appears 
that metabolic changes produced by starvation may have lead to an increased 
production of both hydrogen-(detoxified by catalase and SeGPX) and lipid 
peroxides (detoxified by SeGPX and total GPX activities), in M.edulis but only 
H2O2 in C.maenas. However the production of H2O2, via dismutation catalysed 
by SOD, would appear to be an unlikely source of the increased production, 
because the levels of activity of this enzyme decreased. With a reduction in the 
activity of SOD, a reduction in the production of H2O2 would be expected. As 
this seems not to be the case in this study, it would appear that peroxides may 
have been generated by another route, for example in the degradation of 
purines catalysed by xanthine oxidase (EG 1.2.3.2), or simply by spontaneous 
dismutation of superoxide, producing H2O2- Lipid peroxides may have been 
produced by the direct action of superoxide radicals on unsaturated lipids, 
which may reflect the high level of total GPX activity recorded. It should be 
noted that xanthine oxidase was not detected in whole tissues of M.edulis 
(Dykens and Shick 1988). Increases in SeGPX and total GPX activity could 
also be due to enhanced lipid peroxidation as a result of tissue breakdown and 
utilisation. Peroxidisable unsaturated lipid is known to be present in gill 
structures, such as in the cod Gadus morhua (Lemaire et al 1993). Assuming 
that the changes in catalase, SeGPX and total GPX activities reflect utilisation 
of body reserves as a result of starvation, the differences between the three
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species may be due to their different nutritional strategies. Most obvious is that 
whereas gills are membranous structures with presumably high lipid content, 
the skin of A.rubens has a high inorganic and protein content (Shick 1983). 
This would result in greater formation of lipid peroxides in M.edulis and 
C.maenas respiratory organs than in A.rubens, so accounting for the enzyme 
differences
Considering the changes in antioxidant enzyme activities in the digestive 
tissues, species differences were again apparent, with SOD activity being 
greatly increased in pyloric caeca of A.rubens, but decreased slightly in both 
M.edulis and C.maenas, and SeGPX activity increased in hepatopancreas of 
C.maenas. The fall in SOD activity in M.edulis and C.maenas may be related 
to a general decrease in electron transfer activity and O2" generation 
associated with aerobic metabolism, as a result of starvation and decreased 
respiration (see above). In the case of M.edulis the absence photosynthetic 
algae in the gut could contribute to a lowered exposure to O2", and need for 
SOD activity. The reason for the almost 100% increase in SOD activity in 
pyloric caeca of A.rubens is not obvious, except that a different starvation 
strategy may be employed for this carnivore than for the herbivorous M.edulis 
and omnivorous C.maenas. The increase in SOD activity indicates an increase 
in O2" production which may be related to specific endogenous sources, such 
as the redox cycling of natural quinones mobilised from bodily structures 
(O'Brien 1991). Also it should be noted that starvation has been shown to 
increase lipid content in the pyloric caeaca of A.rubens, (Lawrence 1987) which 
would presumably require high SOD levels as a defence against lipid 
peroxidation. Alteration in rates of production of H2O2 is indicated not to be a 
major factor in A.rubens, with total GPX activity unchanged and SeGPX activity
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only Indicated to decline by about 20%, possibly due to such factors as 
depletion of Se in the diet. Such factors could also account for the marked 
decline in total GPX activity and indicated slight decline in SeGPX activity in 
digestive gland of M.edulis, Se being a known component of bivalve tissue, 
including M.edulis (Goede et al 1993). The fact that the changes or indicated 
changes, in A.rubens and M.edulis are specific effects on antioxidant enzyme 
status is supported by the observation of lack of change in LDH activity with 
starvation.
The increase of SeGPX activity and indicated increase of catalase in the 
hepatopancreas of C.maenas mirrored similar increases observed in the gills. 
Although the results are not statistically significant, both tissues also showed a 
decrease in SOD activity. This may mean that in C.maenas the changes in 
antioxidant enzyme activities are due to a general rather than tissue specific 
source of oxidative stress, resulting from starvation. Surprisingly, total GPX (but 
not SeGPX) activity in C.maenas dropped to undetectable levels. The reason 
for this is unknown but may be related to changing lipid peroxide substrate 
levels and the status of the glutathione S-transferase in the hepatopancreas. 
Extensive assays of the samples using increased protein concentration failed to 
detect any total GPX activity. However the fact that dramatic metabolic changes 
may have taken place in the hepatopancreas of C.maenas is supported by the 
indicated low level of MDH activity in the tissue.
In general, the times of manifestation of starvation effects were similar for all 
three species, with no notable changes occurring in M.edulis or A.rubens until 
5 weeks starvation. In C.maenas , the first signs of starvation effect were 
present after 4 weeks prolonged starvation, but more evident after 7 weeks. In 
the gill of C.maenas a decrease in SeGPX activity after 4 weeks was reversed 
with increased activity by week 7 (p <0.01, fed values did not differ
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significantly). Although the latter change did not differ significantly from the fed 
value, the change in activity between the four and seven week experiments 
would seem to indicate that starvation had stimulated an increase in SeGPX 
activity in the gill. This change was also reflected in the levels of total GPX 
activity, which increased five-fold against a control (fed animals) increase of two 
fold (p < 0.001 and p < 0.5, respectively) between the two experiments. This 
result supports the possibility that induction of GPX activity has occurred due to 
starvation, possibly because of increased levels of lipid peroxidation resulting 
from the decrease in SOD levels. With respect to changes in antioxidant 
enzyme activities over time which were indicated for fed alone, or for both fed 
and starved animals, general declines could be due to general experimental 
stress. However the increase in SeGPX activity observed for digestive gland of 
M.edulis paralleled the seasonal changes observed in the study of chapter 4 
and could therefore be due to seasonal up-regulation of the enzyme (Viarengo 
ef a/ 1991a). Similarly, fluctuations over time were indicated in SOD, catalase 
and SeGPX activities in the hepatopancreas of C.maenas, but less so for the 
pyloric caeca of A.rubens, which could reflect seasonal alterations in 
metabolism and pro/antioxidant status.
In conclusion, effects of starvation on antioxidant enzyme activities were most 
marked in the respiratory tissues, with low SOD activity being a major feature in 
both tissues of all animals studied. Reduced SOD activity was seen in both 
tissue types of M.edulis and C.maenas, and skin only of A.rubens. The 
reduction in SOD activity most likely reflects a down-regulation in response to 
decreased metabolic activity and lower Og- production. Other factors may also 
be important here, such as dietary limitation of Cu and Zn, although Cu can be 
obtained from the seawater (Icely and Nott 1980). In contrast to these changes, 
the marked increase in SOD activity in pyloric caeca of A.rubens indicates a
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specific response to changed pro-oxidant conditions.
The main trend in catalase and SeGPX activities was towards increased 
activity with starvation, indicative of increased pro-oxidant conditions caused by 
tissue breakdown (protein oxidation to HgO, lipid peroxidation) rather than 
metabolic Og" generation. The exception was skin of A.rubens which has a 
high inorganic content and therefore little protein and lipid to mobilise.
Overall, regulation of antioxidant enzymes in relation to starvation is 
indicated, with different responses for different species and probably related to 
their feeding strategies such as carnivorous vs. herbivorous diet.
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CHAPTER 6
EFFECTS OF THE HEAVY METALS COPPER AND 
MERCURY ON GLUTATHIONE PEROXIDASE IN
MytUus gaUoprovincialis
6.1 INTRODUCTION
Heavy metals are known to be soluble in seawater, both in ionic form and 
complexed with organic compounds (Viarengo 1989, Widdows and Donkin 
1992). These forms of heavy metal are easily taken up into the tissues of 
marine organisms, and bioaccumulated to high tissue concentrations 
(Livingstone 1993). Bioaccumulation of heavy metals can result in toxicity 
(Livingstone and Pipe 1992) and even at relatively low external doses, death of 
the animal. Toxicity may be due to several different mechanisms, including 
damage to plasma membrane transport (Ballatori 1988) and mitochondrial 
function (Lond ef a /1991), production of ROS(Woods efa/1990) and effects on 
lysosomal stability (Moore etal 1989, Viarengo 1989). Metal-mediated toxicity 
via oxidative damage has been indicated to occur in bivalve molluscs 
(Viarengo eta l 1990).
Several pathways of metal detoxication exist to protect animals against metal 
toxicity, the most prominent being exocytosis of insoluble metal in lysosomes 
and by metal binding of metallothionein proteins. Reduced glutathione (GSH), 
in cells of animals as diverse as rats and insects, has also been shown to play 
a major role in detoxication of heavy metals (Hirayama 1987, Schnitzerling 
1988), corresponding with changes in SeGPX activity (Hirota 1986, Nieslen
1991). GSH binds the metal ion in stoichiometric ratios (e.g. a 1:2 molar ratio 
with Hg2+) and the complex is then excreted (Woods et al 1990). Copper
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(Cu2+) mediated oxidative stress has been demonstrated in tissues of Mytilus 
sp. and this transition metal is considered to be the most likely metal 
peroxidative agent in the environment (Viarengo 1989). Copper ions Cu+ and 
Cu2+ are capable of catalysing the Haber-Weiss reaction producing OH- akin 
to the Fe catalysed reaction (see section 1.2.1). Levels of lipid peroxidation 
increased by 50 % in digestive gland and gills of the Mediterranean mussel, 
Mytilus galloprovincialis exposed to Cu^+ in seawater (Viarengo et al 1990). 
Equally significantly, levels of GSH declined in the same tissues of M.edulis 
with exposure to Cu^+ (Viarengo et al 1988a). In contrast to Cu2+, mercury 
(Hg2+) is a widely distributed, toxic metal (Renzoni 1992) which does not redox 
cycle and directly stimulate RGB production
Studies were carried out to examine the effects of Cu^+, Hg2+ and 
methyl mercury (CHgHg+) on SeGPX function in digestive gland and gills of 
M.galloprovincialis. The effects on SeGPX function were measured at the levels 
of mRNA, SeGPX protein and both SeGPX and total GPX enzyme activity. The 
studies were carried out at the University of Genoa, Italy, and therefore the 
closely related species M.galloprovincialis was used, rather than M.edulis. 
The main aims of the project were to use the known effect of Gu2+ exposure on 
GSH levels to study regulation of SeGPX gene expression, and to investigate 
molecular mechanisms of metal toxicity in Mytilus sp.
6.2 METHODS
The work in this chapter was carried out in collaboration with Professor Aldo 
Viarengo at the University of Genoa. Hence of the methods described in this 
section, several parts were carried out by fellow workers, both in the 
laboratories at Genoa and at the University of Surrey. Collection, exposure, 
dissection and storage of frozen tissue was carried out by students in Genoa.
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Measurement of SeGPX and total GPX activity and also extraction of total RNA 
was carried out by myself in Genoa The Western blot analysis of the methyl 
mercury treated digestive gland cytosols was carried out, under supervision by 
myself, by Miss Dierdre Marshall at the University of Surrey, as part of her M.Sc. 
research project and I am very grateful to all concerned for their hard work. All 
other analyses were carried out by myself at the University of Surrey.
6.2.1 Exposure conditions
Mytilus galloprovincialis (4 to 6 cm length) were obtained from La Spezia, 
Italy, barnacles removed from the shells and the animals acclimatised for 3 
days in tanks of circulated seawater, at 15°C, without feeding, with II of 
seawater per animal. After 3 days, the seawater was supplemented with 
40pg/litre of CuGIg, HgClg, or CHsHgCI (at the equivalent concentration of 
40^g/litre Hg), the water and metals being replenished daily. Control animals 
were maintained as above, with no addition of metal salt solution.
After 1, 4 and 7 days exposure, animals were dissected, the digestive gland 
and gills being removed, damp dried and frozen at -70°C until required.
6.2.2 Biochemical analysis of samples.
Preparation of subcellular fractions from the gills and digestive gland was 
carried out as follows. All procedures were carried out at 4°C. Frozen tissue 
was weighed out to approximately 2g (equivalent to tissue from 3 animals), 
homogenised in 4 volumes of 10mM Tris/HCI, pH 7.6, 0.5M sucrose, 0.15M KCI 
buffer, using a Potter-Elvejehm homogeniser and the homogenate centrifuged 
at 14,000xg at 4°C for 90 minutes. The resulting supernatant was divided into 
two parts, one for enzyme activity assays, which were carried out immediately, 
and one which was frozen at -70°C for western blot analysis. Total GPX and
194
SeGPX activities were measured at 25°G as described in section 2.18.2. 
Western blot analysis was carried out as described in sections 2.19 and 2.20.
RNA extraction was carried out using the RNazol method described in section 
2.4.3, using 200 mg of tissue per sample. Total RNA was loaded onto slot blots 
as per section 2.10.1 and probed using radiolabelled mouse 2D6 GPX 
fragment. RNA loading was quantified by comparison to methylene blue 
staining of total RNA loaded onto each slot
Both slot blots (SeGPX related signal and total RNA) and Western blots were 
analysed for SeGPX mRNA and protein levels respectively, using scanning 
densitometry as described in section 2.21
6.2.3 Statistical analysis
Values are presented as means ± SEM (n = 3). Values were compared by 
two-tailed student's t-test, or by determination of correlation coefficient, using 
the Macintosh Statview 512+ package.
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6.3 RESULTS
6.3.1 Effects of Cu^+ exposure
The relative changes in SeGPX mRNA, protein and enzyme activity, in 
arbitrary units, with exposure to 40 mg/l Gu2+ are presented in Figures 6.3.1.1 
(digestive gland) and 6.3.1.4 (gills), and the actual RNA slot and protein 
western blots shown in Figures 6.3.1.2, 6.3.1.3, 6.3.1.5 and 6.3.1.6. The control 
SeGPX activities at the start of the experiment in digestive gland and gills were 
respectively 608 ± 145 and 237 ± 43 nmol per minute, per g wet weight.
Enzyme activity, mRNA and protein levels of SeGPX corresponded closely in 
the digestive gland of Gu2+ exposed M.galloprovincialis until day 7 of 
exposure when activity fell in comparison to mRNA and protein levels, which 
rose (Figure 6.3.1.1). The general trend was a slight decrease of the mRNA or 
enzyme measurement at day 1, followed by a further significant decrease at 
day 4 and a final return to a level nearing that of the control, with the exception 
of enzyme activity, by day 7. The SeGPX protein and mRNA levels had a 
correlation coefficient of > 0.95, (p < 0.05). The slot-blot and Western blots are 
shown in Figures 6.3.1.2 and 6.3.1.3
Similarities between changes in SeGPX mRNA, protein and activity were less 
obvious in the gills, although a steady decrease in the latter two over time was 
observed (Figure 6.3.1.4). By contrast, mRNA levels rose by day 1, dropped 
below control level by day 4, but reverted to a level higher than control by day 
7, the result recorded at day 4 showing significant difference from control 
values. RNA and Western blot results are shown in Figures 6.3.1.5 and 6.3.1.6.
Total GPX activity in the digestive gland showed greater variation than in gill, 
being indicated to decline by day 1 and increase again by day 7 (Figure 
6.3.1.7). However none of these changes were statistically significant.
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Figure 6.3.1.1. Effects of exposure to 40jjg/\ Cu^+ on the SeGPX levels in
digestive gland of M.galloprovincialis.
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Figure 6.3.1.2 Slot blot of Cu^+ exposed digestive gland total RNA from 
M.galloprovincialis probed for SeGPX mRNA
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Figure 6.3.1.4 Effects of exposure to 40jL/g/l Cu2+ on SeGPX levels in gills of
M. galloprovincialis 
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Figure 6.3.1.5 Slot blot of Cu^+ exposed gill total RNA from M.galloprovincialis 
probed for SeGPX mRNA
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Figure 6.3.1.6 Western blot of Cu^+ exposed gill 14.000xg supernatant from 
M.galloprovincialis probed with anti-human SeGPX antibody
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Figure 6.3.1.7 Effect of exposure to 40 jjg/\ Cu^+ on total GPX activity in gills
and digestive gland of M.galloprovincialis.
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6.3.2 Effects of Hg2+ exposure
The relative changes in SeGPX mRNA, protein and enzyme activity, in 
arbitrary units, with exposure to 40 mg/l Hg2+ are presented in Figures 6.3.2.1 
(digestive gland) and 6.3.2.4 (gills), and the actual RNA slot and protein 
western blots shown in Figures 6.3.2 2, 6.3.2 3, 6.3.2.5 and 6.3.2.G. The control 
SeGPX activities at the start of the experiment in digestive gland and gills were 
respectively 456 ± 76 and 223 ± 52 nmol per minute per g wet weight 
Both enzyme activity and mRNA levels of SeGPX in the digestive gland 
followed a similar pattern, rising on day 1, and falling to a similar degree by day 
4, although only day 1 mRNA values were statistically significant (p < 0.05). No 
changes were observed over time in SeGPX protein levels (Figure 6.3.2.1). 
The RNA loadings and Western blots are shown in Figures 6.3.2.2 and 6.3.2 3 
A similar pattern was observed in the gill. However this time changes in 
mRNA and protein levels paralleled one another over time (Figure 6.3.2.4). 
The RNA and Western blot data are shown in Figures 6.3.2.5 and 6.3.2 6.
Total GPX activity in digestive gland with exposure to Hg2+ (Figure 6.3.2.7) 
decreased between days 4 and 7, although the change was not statistically 
significant. In contrast, both total GPX and SeGPX activity in gills changed little 
over time with Hg2+ exposure.
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Figure 6.3.2.1 Effects of exposure to 40/ug/l Hg2+ on SeGPX levels in digestive
gland of M.galloprovincialis
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Figure 6.3.2.2 Slot blot of Hg2+ exposed digestive gland total RNA from 
M.galloprovincialis probed for SeGPX mRNA.
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Figure 6.3.2.3 Western blot of Hg2+ exposed digestive gland 14,000xg 
supernatant M.galloprovincialis probed with anti-human SeGPX antibody
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Figure 6.3.2.4 Effects of exposure to 40/^g/l Hg2+ exposure on the SeGPX
levels in gills of
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Figure 6.3.2 5 Slot blot of Hg2+ exposed gill total RNA from M.galloprovincialis 
probed for SeGPX mRNA
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Figure 6.3.2.6 Western blot of HgZ+ exposed gill 14,000xg supernatants from 
M.galloprovincialis probed with anti-human SeGPX antibody
Day: 1 1 1 4 4 4 7 7 7 {Control}
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Figure 6.3.2 7 Effects of exposure to 40/yg/l Hg2+ exposure on the total levels in
gills of M.galloprovincialis
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6.3.3 Effects of CHgHg+ exposure
The relative changes in SeGPX mRNA, protein and enzyme activity, in 
arbitrary units, with exposure to 40 mg/l CHgHg+ are presented in Figures
6.3.3.1 (digestive gland) and 6.3 3.4 (gills), and the actual RNA slot and protein 
western blots shown in Figures 6.3.2.2, 6.3.2 3, 6.3 2.5 and 6.3.2 6. The control 
SeGPX activities at the start of the experiment in digestive gland and gills were 
respectively 474 ± 47 and 175 ± 28 nmol per minute per g wet weight.
The biological variability in SeGPX protein levels and activity at each 
sampling time, in both digestive gland and gills, was somewhat greater with 
exposure to GH3Hg+ (Figures 6.3.3.1 and 6.3.3.4) than to either Gu2+ (Figures
6.3.1.1 and 6.3.1.4) or Hg2+ (Figures 6.3.2.1 and 6.3.2 4). Both SeGPX activity 
and protein levels in digestive gland were lower after 7 days exposure to 
GHsHg+than in controls (Figure 6.3.3.1), whereas in gills, despite an indicated 
decline in SeGPX activity after 1 day exposure to GH3Hg+, no differences were 
seen over time in either SeGPX protein or activity (Figure 6.3.3.4). In contrast, a 
very similar pattern of change over time with exposure to GH3Hg+ was 
observed for SeGPX mRNA of both digestive gland and gills, the levels 
declining by day 4 and increasing again by day 7 (Figures 6.3.3.1 and 6.6.3.4). 
The total RNA loadings and western blot results are shown in Figures 6.3.3 2 
and 6.3.3.3 (digestive gland) and 6.3.3.5 and 6.3.3.6 (gills). The marked 
correlation between the changes in digestive gland and gill SeGPX mRNA is 
further illustrated in Figure 6.3.3.7.
Total GPX activity with exposure to GH3Hg+ remained unchanged over time 
in gills, but was indicated to decline between days 1 and 7 in digestive gland 
(Figure 6.3.3.8). Thus, the patterns of activity over time show some similarity 
with the results for SeGPX activity of the two tissues (Figures 6.3.3.1 and 
6.3.3.4).
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6.3.4 Comparison of GPX responses for different metal exposures
Considering the response of SeGPX in the digestive gland for exposure to 
Cu2+ (Figure 6.3.1.1), Hg2+ (Figure 6.3.2.1) and GH3Hg+ (Figure 6.3.3.1), 
although all the changes were not consistent for mRNA, protein and enzyme 
activity, the most general trend was of a decline by day 4 of exposure, followed 
by some recovery by day 7. By comparison, changes in these measurements 
were less marked in gills, but a decline was often evident after 4 days of 
exposure (Figures 6.3.1.4, 6.3 2.4 and 6.3.3.4). No such consistent pattern of 
change with exposure to the metals was evident for total GPX activity for either 
digestive gland or gills (Figures 6.3.1.7, 6.3.2 7 and 6 3.3.8).
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Figure 6.3.3.1 Effects of exposure to 40/ig/! CH3 Hg+ on SeGPX levels in the
digestive gland of Mytilus galloprovincialis
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Figure 6.3.3.2 Slot blot of CH3Hg+ exposed digestive gland total RNA 
M.galloprovincialis from probed for SeGPX mRNA
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Day 1
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Figure 6.3.3.3 Western blot of CH3Hg+ exposed digestive gland 14,000xg 
supernatant from M.galloprovincialis probed with anti-human SeGPX antibody
Day; 1 1 4 4 4 7 7 7 Control
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Figure 6.3.3.4 Effects of exposure to 40)L/g/l CH3 Hg+ on SeGPX levels in gills of
M. galloprovincialis.
4000
3000 -
-ea  2000to
—I
LU
>
LU
% 1000 
to
CONTROL
----1—
DAY 1
—  SeGPX mRNA 
-o—  SeGPX PROTEIN 
■a—  SeGPX ACTIVITY
—V- V -
■Hl
DAY 4
 1---
DAY 7
All values are mean ± S.E.M. n = 3,
* indicates value which differs significantly from control, p < 0.05.
Figure 6.3.3.5 Slot blot of CH3Hg+ exposed gill total RNA from 
M.galloprovincialis probed for SeGPX mRNA
Control 
Day 1
Day 4 
Day 7
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Figure 6.3.3.6 Western blot of GFl3Hg+ exposed gill 14,000xg supernatant from 
M.çfalloprovincialis^probeômXh anti-human SeGPX antibody^
Day 1 1 1 4 4 4 7 7 7 Control
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Figure 6.3.3.7 Correlation of SeGPX mRNA levels in digestive gland and gills
of M.galloprovincialis over time with exposure to CH3 Hg+
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Figure 6.3.3.8 Total GPX activity in the tissues of Mytilus galloprovincialis 
exposed to AOpg/\ CH3Hg+.
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6.4 DISCUSSION
Numerous studies have been carried out demonstrating the uptake of metals, 
including Cu2+ and Hg2+, both from the water-column and particulates, by 
bivalve molluscs including Mytilus sp. (Viarengo 1989, Widdows and Donkin 
1992). Both metals have also been detected in whole tissues of M.edulis and 
M.galloprovincialis taken from their natural habitat at concentrations of 2.4 to 
154 and 0.02 to 1.15 mg per g dry weight for Cu and Hg respectively (Fowler 
and Oregioni 1976, Davies and Pirie 1980, Goldberg ef a /1983, Claisse 1989). 
The tissue distribution and fate of bioaccumulated metals depends on a 
complex set of detoxication mechanisms, including induction of metal-binding 
proteins (metallothioneins, ferritin), uptake into lysosomes, and incorporation 
into inorganic granules (Bootsma at al 1988, Phillips and Rainbow 1989, 
Viarengo 1989, Livingstone and Pipe 1992). Metallothioneins in the gills and 
digestive gland of Mytilus sp. have been detected, and both Cu-binding 
(Viarengo eta , 1981, 1984, 1988b) and Hg-binding (Roesijadi and Hall 1981, 
Roesijadi 1982) inducible forms have been characterised. Enhanced Hg 
tolerance in M.edulis was related to the induction of Hg-binding proteins 
(Roesijadi et al 1982). The route of metal uptake generally determines the 
sites of toxic action in the animal. For example, the initial tissue distribution of 
Hg in M.edulis is maintained for long periods, and is notably elevated in the 
gills when uptake is from the water (King and Davies 1987). By contrast, tissue 
mobilization and elimination via the digestive gland is seen for Cu rn M.edulis 
(Viarengo 1989).
Toxic effects of Cu and Hg on the physiology and behaviour of Mytilus sp. are 
well-documented. For Cu, these include reduced shell growth (Redpath 1985, 
Stromgren 1986), filtration rate and scope for growth (Widdows and Donkin
1992), and lethality (Martin 1979). Such effects were observed at seawater
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concentration of Cu of 1 to 400 mg per litre (Davenport and Redpath 1984; 
Widdows and Donkin, 1992). Comparing the toxic effects of the two metals on 
M.edulis, both Cu and Hg induced abnormal development in 50 % of embryos 
after 48 hours exposure, at the same water-concentration of metal (5.8 mg per 
litre) (Martin et a /1981), whereas 10 times less Hg than Cu was required for a 
50 % reduction in shell growth of juveniles (Stromgren 1982). Molecular effects 
of the metals are also seen in Mytilus sp. and other marine invertebrates. Cu^+ 
caused decreased GSH levels and increased lipid peroxidation in Mytilus sp. 
(see section 6.1), and Hg2+ caused decreased lipid levels in the crayfish 
Procambarus clarkii (Torreblanca eta/ 1993).
The toxicity of the metals in the current exposure study on M.galloprovincialis 
was evident from superficial observations. Deterioration of tissue condition with 
increasing exposure time was seen, particularly for Hg2+ and CH^Hg^, and 
particularly for gills of CH3Hg+ exposed animals, leading to a reduced amount 
of biological material available for analysis. The latter may have been due to 
the greater lipophilicity of CH3Hg+ compared to the two free metals. Different 
and similar effects of the metals were seen on SeGPX status, which may be 
due to their different chemical properties, sites of action, and the effectiveness 
of detoxication mechanisms (Viarengo 1989, Livingstone and Pipe 1992, 
Widdows and Donkin 1992).
The molecular and enzyme biology results showed that different patterns of 
stress and response were incurred by the different metal ions in the cell. This 
too may be reflective of their different chemical properties. The copper ions 
Cu+and Gu2+ are capable of forming a redox cycle in the cell (Viarengo et al 
1988a) identical to the Haber Weiss reaction catalysed by iron ions (see 
section 1.2.1) resulting in ROS production (Garcia Martinez eta l 1991, Winston 
1991 ). This ability to promote the formation of ROS may be a major source of
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Cu-induced stress in the exposed animals and therefore it would be expected 
to elicit much the same protective response in the antioxidant defences as other 
sources of oxyradical stress. Support for this mechanism of toxicity occurring in 
Mytilus sp. is provided by the observation of increased lipid peroxidation and 
the detection of reactive aldehydes, such as 4-hydroxyalkenals, with exposure 
to Cu2+ (Viarengo et al 1988a). However the major observation from the 
digestive tissue of Cu-treated animals (Figure 6.3.1.1) was a decrease in all 
three parameters (activity, protein and mRNA) by day 4 of the experiment, 
followed by some recovery by day 7 for protein and mRNA levels. It is possible 
that the decline was due to damage of protein structure by sulphydryl bond 
attack resulting in reduced enzyme activity. General attack on protein structure 
could subsequently result in a lack of mRNA and protein synthesis due to 
destruction of RNA polymerases and ribosomal proteins. Alternatively, the 
effects could be due to the destructive effects of ROS. Levels of total 
glutathione were also found to decline during this period both in the digestive 
gland and gills (Canesi etal 1994).
By the seventh day of exposure, the levels of mRNA and protein detected in 
the digestive gland and mRNA in the gills had shown some recovery, but 
enzyme activity had not. This indication that the production of SeGPX had 
been induced, may reflect a need to combat increased levels of lipid 
peroxidation and ROS generation, but the fact that enzyme activity was still 
inhibited indicates that toxicity is still occurring in the cells. As sulphur and Se 
occupy the same group of the periodic table (group IV), it is possible that the 
similarity of their chemistry allows attack by copper ions at some structure 
carrying a Se moiety with similar bonds. This attack may in some way interfere 
with the incorporation of Se into the selenocysteine or SeGPX molecule (See 
sections 1.3.5 and 1.3.6), so inhibiting the production of active SeGPX.
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The overall changes in SeGPX measurements were more pronounced in the 
digestive glands than gills. This included total GPX activity, which increased 
with 4 to 7 days exposure in the digestive gland but changed little in the gills. 
This difference may be indicative of an increased need to protect against lipid 
peroxidation in digestive gland (Viarengo et al 1988b). As there is less lipid 
tissue in the gill, elevated levels of total GPX activity would not be as important 
to the protection of the gill tissue as it would be to the digestive gland. In 
support of this theory, malondealdehyde content (indicative of lipid 
peroxidation) in the digestive gland of M.edulis was found to be over twice the 
amount in the gill after sublethal Cu2+ exposure of 6 days (Viarengo et al 
1990).
Finally, it appears, that copper toxicity has a strong effect on the general 
metabolism of the mussel, possibly counteracted for the most part by the 
glutathione (GSH) molecule and copper thionine production (Viarengo et al 
1988). However, as GSH becomes depleted (day 4) protection would be 
reduced and the general metabolic processes (including protein and RNA 
synthesis), would be placed under greater stress. The defences of the cells 
may then become augmented, by increased production of SeGPX mRNA 
molecules in the case of SeGPX activity, leading to greater SeGPX protein 
levels in the cell (in the gill this increase of protein appears to be absent, 
possibly due to greater copper ion presence and therefore toxicity). Possibly 
due to interference by Cu2+ in the incorporation of Se into the GPX molecule, 
no concurrent increase in GPX activity was seen. Weight is added to this 
interpretation by the fact that total GPX activity (chiefly glutathione transferase 
mediated) increased in the lipid rich digestive gland, indicating that inhibition is 
greater to the SeGPX activity and that increased protection may be more 
important to lipid-rich tissues.
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In some respects the molecular ^ mechanisms of toxicity of Hg2+ are similar to
those of Cu2+. Hg2+ reduces sUphydryl moieties (Klonne and Johanne 1988)
A
and causes lipid peroxidation (Fukino e ta l 1986). However, unlike Cu, Hg is 
not a trace metal required for normal cellular metabolism, and can be toxic at 
lower concentrations than Cu^+(see above). Unlike Cu+/Cu2+, Hg does not 
catalyse the Haber-Weiss reaction, but can give rise to ROS via other free 
radical interactions involving, for example, GSH and H2O2 (Woods eta l 1990).
Effects of Hg2+ were seen on both SeGPX and total GPX activity, which were 
somewhat different to those for Cu2+. Rather than a trend towards a decline 
followed by partial recovery, the trend for Hg2+ was an increase by day 1, 
followed by a continued decline to day 7. The initial increase would suggest an 
induction response, and the long-term decline a toxic impact on the SeGPX 
enzyme and its mechanisms of synthesis. The molecular reactions of these 
changes can only be speculated (see above), but are likely to include oxidative 
stress and effects on GSH levels. With exposure to Hg, GSH levels were 
observed to decline, and subsequently recover slightly in liver of mouse 
(DiSimplico et al 1990), and increase in cattle tick {Boophilus microplus ) 
(Schnitzerling 1988) and housefly {Musca domestica ) (Zaman et al 1994). In 
the latter two studies, increases in SOD and catalase activities were also 
observed, indicating a response to Hg-mediated oxidative stress. The steady 
increase in total GPX activity in digestive gland until day 7 may represent a 
need to compensate for the decline in SeGPX activity between days 1 and 4, 
and protect against lipid peroxidation. As glutathione S-transferases (with GPX 
activity) do not contain Se, it may be that they are less susceptible to direct 
inactivation by metals. Given that Hg is known to stimulate H2O2 production by 
mitochondria in mammalian systems (Lend e ta l 1991), the lack of any marked 
change in SeGPX or total GPX activities in gills with Hg2+ exposure may
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indicate that threat from this source of ROS is minimal.
Little is known of the fate and effects of methylated mercury in aquatic 
organisms compared to Cu2+ and Hg2+. Being more lipophilic than either 
Cu2+ or Hg2+, mercury in the form of CH3Hg+ was expected to localise chiefly 
in the lipid-rich tissues and membranes, and exert a greater lipid peroxidative 
effect. The low solubility of CH3Hg+ in the cytosol would imply that protection 
by GSH-related metabolism would be limited. However studies by Canesi et al 
(1994) showed that GSH levels in exposed M.galloprovincialis dropped by day 
4 of exposure. It was possible therefore, that related enzymes such as SeGPX 
and glutathione S-transferase would also be involved in the effects of GH3Hg+ 
toxicity. Similar decreases in glutathione levels have also been noted in rat 
cerebellar granule cells (Sarafain and Verity 1991) with concurrent decreases 
in general protein and mRNA synthesis levels and increased lipid peroxidation 
levels. Increased GSH has been shown to increase the excretion of methyl 
mercury in mouse (Hirayama 1987, Kromidos et al 1990) but was shown to 
reduce excretion rates in the little skate Raja erinacea (Ballatori and Boyer 
1986).
Less notable changes in SeGPX mRNA, protein and activity, with exposure to 
CHgHg+ in both tissues, indicates that this metal species is less toxic than the 
two free ions, at least as far as SeGPX function is concerned. However, 
biological variability at any one sampling time was much greater, particularly for 
SeGPX activity, implying an effect on the general metabolism of the cells. 
Declines of 40% in SeGPX activity were observed in rat liver with exposure to 
methylmercury (Hirota 1986), and a major component of methylmercury toxicity 
has been shown to be due to sulphydryl bond attack (Rabenstein et al 1986; 
Kromidos e ta l 1990). The greater decline in SeGPX activity than SeGPX 
protein in the digestive gland after 7 days exposure to CHgHg+ may have been
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due to interference with Se incorporation into the SeGPX protein. Direct effects 
of methyl mercury toxicity on SeGPX activity in mice have been described by 
Nishikido et al (1987), where methyl mercury was thought to interfere with Se 
incorporation. The marked increase in SeGPX mRNA level, but not activity or 
protein level, in both digestive gland and gills of M.galloprovincialis after 7 
days exposure to GH3Hg+ suggests a similar pattern of effects in the two 
tissues, and the start of an induction response to combat increasing oxidative 
stress, possibly lipid peroxidation. In contrast, the more marked effects on total 
GPX activity in digestive gland compared to gills, suggests tissue-specific 
interactions, possibly due to lipid content of the tissues.
6.4.1 Comparison of effects of Cu2+, Hg2+ and CH^Hg+ on SeGPX 
function.
Although all three metal species had some affect on some aspect of SeGPX 
and total GPX function, they showed different time-dependent and different 
tissue-dependent effects. Whereas all three conditions indicated an effect after 
day 1, impact in the form of a decrease in mRNA, protein or enzyme activity 
level was not marked until day 4. Recovery at day 7 was most evident for Gu2+ 
exposure, which may reflect the removal of the free form of the metal, by 
induction of Gu-metallothioneins (Viarengo 1989). However, increased 
synthesis of SeGPX mRNA at day 7 was seen for both the Gu^+ and GHsHg+ 
exposed animals, indicating induction of SeGPX synthesis, either as a common 
response to metal toxicity or oxidative stress. The marked similarity in the time 
course responses in digestive gland and gills with exposure to Hg2+ argues 
against any lack of mobilization of the metal from gills to other tissues (Widdows 
and Donkin 1992). The main effects of 4 days GHgHg+ exposure are 
consistent with results for exposure to this organometal on glutathione S-
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transferase and alcohol dehydrogenase activities in rat hepatocytes (Hellstrom- 
Lindhal and Oskarsson 1989).
6.4.2 Regulation of SeGPX synthesis and function and relationship 
with total GPX activity
The synthesis of active enzyme can be regulated at a number of levels, 
including gene transcription, mRNA translation, protein folding, insertion of 
metals or prosthetic groups into the apoprotein, and degradation rates of mRNA 
and/or enzyme. In the case of SeGPX in mammals, regulation of SeGPX 
appears to be directly by mRNA levels (Sunde 1990, Toyoda eta l 1989, Lief al 
1990) rather than incorporation of Se into the protein. Measurement of the 
simultaneous changes of SeGPX mRNA, protein and enzyme activity with 
metal-exposure over time, not only provided information on toxicity, but also 
gave insight into possible regulation mechanisms of active enzyme synthesis. 
There was some indication that increase in levels of mRNA (presumably by 
increased mRNA synthesis, or decreased mRNA degradation) plays a 
significant part in this process, as this was the most common feature of the 
responses. Thus increases in SeGPX mRNA were observed either alone (gills 
for Cu2+; digestive gland and gills for CH3Hg+), or alongside increases in 
SeGPX protein (digestive gland for Cu^+ gills for Hg2+). However, some 
caution is required with this data, as tissue-specific differences were evident 
which were most likely due to differences in toxicity, rather than differences in 
methods of SeGPX regulation. For example, increase in mRNA levels with 7 
days exposure to Cu2+ were accompanied by increases in protein levels in 
digestive gland but not gills, possibly due to gills being the first site of metal 
uptake.
The different patterns of SeGPX and total GPX changes in activity in digestive
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gland, with all three exposures, provides further support of the different 
identities of the enzymes mainly responsible for the two activities, i.e. SeGPX 
for H2O2 detoxication, and both SeGPX and glutathione S-transferases for 
lipid-hydroperoxide detoxication (Lawrence and Burk, 1976). The patterns of 
change for both activities showed greater similarity in the gills, but here the 
changes were minimal, rather than large parallel changes occurring. The 
differences between the responses of total GPX activity for the two tissues may 
be related to different lipid peroxide levels, t)pt /Could also be related to 
differences in effects of toxicity on the glutathione S-transferases in the two 
tissues (Livingstone, 1991a).
In summary the effects of exposure to three different metal species (Cu^+, 
Hg2+ and GH3Hg+) on SeGPX mRNA, protein and activity, and total GPX 
activity, have been characterised in digestive gland and gills of M. 
galloprovincialis. Similarities and time-dependent and tissue-specific
y ■ ■■[ ■
differences were evident between the effects o ^ ^  metal species.Most effects 
for Gu2+ on SeGPX (i.e. declines in mRNA, protein and activity) occurred on 
day 4, with some recovery of SeGPX mRNA and protein on day 7. In contrast, 
with Hg2+ exposure, some increases in SeGPX mRNA and protein were 
evident on day 1, followed by general declines at day 4. The smallest changes 
in SeGPX status, with the exception of mRNA, were noted for GH3Hg+. 
Patterns of effect were different for total GPX than SeGPX activity, reinforcing 
the evidence of the contribution of glutathione S-transferases activity to total 
GPX. Overall metal toxicity effects were generally greater in digestive gland 
than gills.
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The differences in effects for the different metals, enzymes and tissues are 
likely to be due to
1) Different mechanisms of cellular detoxication of the metals.
2) Different reactivities of the metals.
3) Different specific effects of the metals on SeGPX synthesis and function.
Most notable in terms of SeGPX regulation were increases in SeGPX mRNA
indicating
1) Regulation, probably at the level of transcription.
2) An induction response to either metal-mediated oxidative stress, or depletion 
of active SeGPX enzyme.
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CHAPTER 7
DISCUSSION
7.1 ORIGINAL AIMS
The initial basis of this research project was founded on the work by Goldfarb 
et al (1989), wherein mRNA with sequence similarity to that of human SeGPX 
was detected in the digestive gland of M.edulis. Activity of SeGPX enzyme had 
also been detected in the digestive gland of M.edulis (Winston et al 1990, 
Livingstone et al 1992), providing strong evidence for the existence of a 
selenium containing GPX, similar in structure and function to that of mammalian 
SeGPX. Given the recognition of the M.edulis mRNA by human SeGPX gene 
probe, it was likely that an immunorecognition technique based on use of the 
polyclonal antibody for human SeGPX could be used to detect SeGPX protein 
in marine invertebrates. This opened the possibility of studying SeGPX 
regulation at both the genetic and protein levels, by the simultaneous 
measurement of SeGPX mRNA, protein and enzyme activity.
Although SeGPX activity was present in a range of invertebrates, its specific 
activity was proportionally lower than SOD or catalase when compared to 
vertebrates (Livingstone 1992). Its importance and role in antioxidant defence 
was therefore not clear. Both SeGPX and the other major antioxidant enzymes, 
SOD and catalase, had been studied in marine invertebrates in relation to 
pollutant-mediated ROS production, but little was known about natural sources 
of ROS production, which are likely to represent the major source of oxidative 
stress in the normal ecology of the species.
The primary aims of the project were therefore to investigate SeGPX function 
and regulation in relation to other antioxidant enzymes, in a range of marine 
invertebrates of differing physiological and ecological backgrounds, including
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diet and respiration. The response of SeGPX, either alone or alongside other 
antioxidant enzymes, was investigated in relation to several factors likely to 
imbalance pro-oxidant/antioxidant status and GSH-related metabolism, namely 
seasonality, starvation and metal toxicity.
7.2 SUMMARY OF RESULTS
In chapter 3, antioxidant enzyme activities, endogenous (NAD(P)H- 
dependent) ROS production potential and SeGPX mRNA (using the human 
gene sequence) were determined in different tissues of M.edulis, P.maximus, 
A.rubens, and C.maenas. Correlations were sought between biochemical 
measurements and food-source, lifestyle (sessile or motile) and respiratory 
strategy. The general pattern of endogenous ROS production was in the order 
digestive tissue> respiratory tissue> reproductive/storage tissue> muscle 
tissue. Antioxidant enzyme activity (SOD, SeGPX and total GPX, catalase, 
glutathione reductase and DT-diaphorase) generally followed this pattern of 
ROS-production potential, indicating a functional relationship between 
antioxidant defence and potential pro-oxidant stress.
The high antioxidant enzyme activities in the digestive tissues are consistent 
with this tissue being the main site of uptake of dietary pro-oxidant xenobiotics 
and the presence of ROS-generating biotransformation enzymes. Other 
biochemical/physiological relationships were also discerned. Catalase activity 
was high in A.rubens, a carnivore, consistent with H2O2 production from dietary 
protein metabolism. SOD was high in M.edulis, possibly in relation to changing 
oxygen tension, due to the euryoxic respiratory strategy of M.edulis. DT- 
diaphorase was high in M.edulis and P.maximus, perhaps related to the 
herbivorous diet of these species. Most significantly, in the digestive tissues of 
the four species, absolute values for antioxidant enzyme activities were very
220
different, but ROS-generation potentials were similar, indicating that exogenous 
sources of ROS generation are important in determining levels of antioxidant 
enzyme defences.
Considering SeGPX function and regulation, relationships were discerned 
with activities of glutathione reductase (indicating the need for continual 
regeneration of GSH for SeGPX function), catalase (indicating a coordinated 
strategy of H2O2 detoxication) and cytosolic SOD (indicating a functional 
relationship in cytosolic O2" detoxication), but less so with total GPX (reflecting 
the contribution of glutathione S-transferase activity). Evidence for the 
widespread presence of the SeGPX gene and its expression was obtained 
using the human SeGPX gene probe. Correlations were evident between 
tissue SeGPX activity and SeGPX mRNA levels for the two bivalve species, but 
not for C.maenas or A.rubens. Various reasons were postulated for the latter 
discrepancies (use of p-actin mRNA as a measure of RNA loading, seasonality, 
different mechanisms of SeGPX regulation), but the most likely cause is 
differences in sequence similarity between probe and the particular SeGPX 
mRNA sequence for each species. However, the crustacean and echinoderm 
would be expected to be evolutionarily closer to mammals than would molluscs 
(Livingstone 1991c)
From this study a number of conclusions were reached. Firstly, that the 
antioxidant enzymes were present at varying levels in different tissues and 
species that could be attributed to factors such as dietary intake, respiration and 
levels of functionally related enzymes. Secondly, that mRNA species for 
SeGPX were present in all species studied, indicating that SeGPX catalytic 
activity was attributable to a form of SeGPX. Thirdly, that the levels of SeGPX 
mRNA detected were similar in tissue distribution ratio to the enzyme activities 
in at least two species, indicating that control of SeGPX expression was, at
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least in part, attributable to mRNA levels.
In chapter 4, the mussel M.edulis was taken as an example of a species 
undergoing seasonal variation in antioxidant defence enzymes (Viarengo et al 
1991), and this variation for SeGPX was used to investigate the control of 
SeGPX expression at the levels of mRNA, detectable protein and active 
enzyme in the digestive gland. In order to ensure accurate determination of 
mRNA and protein levels for SeGPX, optimisation of mRNA probing and 
Western blotting techniques was carried out. Various DNA probes were used 
for detection of SeGPX-encoding nucleic acids in M.edulis, the sequence 
giving most specific hybridisation being the mouse 2D6 fragment isolated by 
Chambers et al (1986). This study resulted not only in detection of SeGPX 
mRNA on Northern blots, but also the detection of the SeGPX gene in M.edulis 
chromosomal DNA, as a single band, in an EcoR I restriction digest. Western 
blot analysis, optimised using the highly sensitive ECL detection method, 
allowed clear detection of M.edulis SeGPX protein from cytosolic samples, 
above background levels. These two methods therefore overcame problems of 
low similarity caused by sequence variation in the protein and nucleic acid 
sequences of M.edulis and the human and mouse probes.
The seasonal study confirmed previous observations on the annual cycle of 
variation in SeGPX activity in the digestive gland of M.edulis (Viarengo et al 
1991a). The difference in seasonal profiles between total GPX and SeGPX 
activities and the greater correlation of the latter with SeGPX mRNA and protein 
levels, provided further support for part of the total GPX activity being due to 
some other enzyme source, such as isoforms of glutathione S-transferase. The 
SeGPX mRNA levels showed similar trends to the enzyme activity, the maxima 
and minima for both occurring at the same time of year, indicating that control of 
SeGPX expression in M.edulis may be at the level of transcription or mRNA
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stabilisation. The detected levels of SeGPX protein agreed less with enzyme 
activity and mRNA levels, possibly due to some sample degradation. However, 
with the exception of a single sampling time, the pattern of variation did follow 
the same trends as SeGPX activity and mRNA levels, indicating it is likely that 
the control of activity of SeGPX is at the level of mRNA production. Overall 
results of the seasonal study therefore indicated more comprehensively the 
level at which SeGPX regulation might occur and further indicated that diet and 
reproductive cycle are important factors in determining the antioxidant status of 
M.edulis and other marine invertebrates.
In chapter 5, the influence of starvation over antioxidant enzyme status was 
examined in three species. Starvation can affect both endogenous and 
exogenous sources of ROS production, for example by decreasing electron 
transfer activity, particularly oxidative phosphorylation (potential for NAD(P)H 
dependent ROS generation having been demonstrated in chapter 3) and 
removal of dietary pro-oxidant xenobiotics. Both of these processes would be 
expected to reduce pro-oxidant stress and the need for antioxidant enzymes. In 
contrast, starvation could also increase ROS and other pro-oxidant production, 
via tissue breakdown and oxidation of macromolecules such as lipids and 
proteins. The activities of the major antioxidant enzymes (SeGPX and total 
GPX, catalase, SOD) were studied in respiratory and digestive tissue of 
M.edulis, A.rubens and C.maenas, during prolonged starvation of up to 10 
weeks. The purpose of this study was to investigate responses to starvation, 
then from resultant enzyme changes to obtain insight into the roles and 
importance of the different antioxidant enzymes in antioxidant protection.
Tissue and species differences were seen in changes in antioxidant enzyme 
activities, indicative of enzyme function, tissue function and nutritional 
strategies. The decreases in SOD activity in respiratory tissues of all three
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species, is consistent with an important role in the detoxication of O2" produced 
by respiratory activity (starvation is known to decrease respiration in all three 
species). The similar declines in SOD activity in digestive tissue of M.edulis, 
C.maenas, but not A.rubens, may indicate a greater degree of starvation in the 
former two species. Increased SOD activity in A.rubens (and presumably O2") 
may be due to liberation and redox cycling of quinones, as a result of tissue 
breakdown. In contrast to the general trend of decreased SOD activity in most 
tissues, the various increases in catalase, SeGPX and total GPX activity are 
consistent with detoxication of hydrogen- and lipid-peroxides, from alternative 
sources of O2" associated with tissue breakdown, such as lipid peroxidation 
and protein oxidation. Differences between changes in SeGPX and total GPX 
in C.maenas again indicate the role of other enzymes in total GPX activity. 
Overall, the results indicated vital but different roles for SOD and 
catalase/SeGPX/total GPX in antioxidant protection and also that natural 
environmental variables, such as food limitation, can affect pro­
oxidant/antioxidant status of the animals.
Chapter 6 involved the study of metal toxicity (Cu2+, Hg2+, GH3Hg+) on 
SeGPX function at the level of mRNA, protein and catalytic activity in the 
digestive tissues and gills of the Mediterranean mussel M.galloprovincialis. 
Advantage was taken of the known effects of Cu2+ exposure on GSH levels 
(required for SeGPX function) in digestive gland of M.galloprovincialis 
(Viarengo etal 1988a) to investigate SeGPX function.
Similarities and also time-dependent and tissue-specific differences were 
evident between the effects of the three metals, over the seven day water-borne 
exposure (at a concentration of 40/vg/l). Exposure to Cu^+ caused a decline in 
SeGPX mRNA, protein and enzyme activity on day 4, with some recovery of 
mRNA and protein levels at 7 days exposure. In contrast with exposure to
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Hg2+, some increases in SeGPX mRNA and protein were evident by day 1, 
followed by general declines at day 4. Least changes in SeGPX status, with 
the exception of mRNA, were noted for CH3Hg+. Patterns of effect were 
different for total GPX compared to SeGPX activity, again indicating another 
source of GPX activity, presumably that of glutathione S-transferase in total 
GPX. The effects were generally greater in the digestive gland than the gills, 
consistent with the former being the major site of uptake of xenobiotics. The 
differences in metal exposure were concluded to be due to differences in 
different reactivities of the metals (e.g. Cu^+ catalyses ROS generation) and 
different specific effects of the metals on SeGPX synthesis, structure and 
function. Most notable in terms of SeGPX regulation were increases in SeGPX 
mRNA, indicating both regulation at the level of gene transcription and an 
induction response to either metal-mediated oxidative stress, or depletion of 
active SeGPX enzyme. Overall, the results indicated the potential of xenobiotic 
metals to cause oxidative stress and a possible inductive response in the 
regulation of SeGPX.
7.3 CONCLUSIONS
The conclusions of the thesis are that the previously reported activity 
attributed to an SeGPX enzyme (Winston et al 1990) in M.edulis digestive 
gland is supported by DNA, mRNA and protein recognition studies. The activity 
of this and other key antioxidant enzymes are variable in different species 
{M.edulis, P.maximus, A.rubens and C.maenas ) and their tissues, in ways 
likely to be related to dietary strategy and tissue-function. Further to this, in 
M.edulis, seasonal regulation of GPX activity was indicated to be controlled at 
the level of mRNA, via mechanisms probably linked to temperature, the 
availability of food and/or reproduction, resulting in high levels of ROS and
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other pro-oxidants. Nutritional stress induced by starvation in three species 
(M.edulis, A.rubens and C.maenas ), further indicated regulation of SeGPX in 
relation to endogenous factors and sources of ROS production. Regulation of 
SOD and catalase was also noted, indicating that these enzymes played an 
important interactive role in protecting these species against oxidative stress, 
again in ways related to tissue-type, food-type and physiology. Finally, 
probable oxidative stress via heavy metals (known to be perturbers of the 
glutathione system of M.galloprovincialis ), provided further evidence of 
regulation of SeGPX at the mRNA level.
The studies of SeGPX in relation to species, tissue, season, starvation and 
metal exposure, indicate that it has a role in protecting marine invertebrates 
against both endogenous and exogenous oxidative stress, and that regulation 
of the enzyme can occur, probably via a direct regulation of the levels of 
SeGPX mRNA.
7.4 FUTURE WORK
Measurement of SeGPX protein by Western blotting, using the protocol in this 
thesis, could be carried out in order to determine species/tissue distribution and 
to further relate the enzyme and mRNA data in M.edulis and other species. 
Also, oxidative stress caused by anoxia and hyperoxia might be expected to 
cause increased levels of the antioxidant enzymes and could be investigated 
using the appropriate species and experimental conditions. Much literature 
has been published on the regulation of SeGPX by Se intake ( Lawrence and 
Burke 1976, Yoshimura etal 1988, Thomas and Girotti 1989, Christensen and 
Burgener 1992), the method of which is not known in M.edulis or other marine 
invertebrates. This could be a major factor in regulation of SeGPX function in 
these organisms and could be investigated by starvation, starvation with Se-
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supplementation in the form of selenide or selenate, feeding in Se-free water 
and starvation in Se-free water, to indicate the source and form of Se-intake in 
marine animals, by measuring the effect on SeGPX regulation and function.
Further studies on the molecular biology of marine invertebrate SeGPX would 
be made possible by obtaining the sequence of the M.edulis SeGPX gene, 
either by polymerase chain reaction (PGR) reverse transcriptase PGR, or by 
probing a genomic or cDNA library with the mouse 2D6 fragment. This new 
sequence could then be used in several ways. Firstly to repeat the tissue 
distribution mRNA study at high stringency (and therefore higher accuracy) and 
thereby improve the data of chapter 3. Secondly, the gene could be put into a 
suitable expression vector and used to transform eukaryotic cells in culture. 
This would lead to production of high levels of protein which could then be 
purified and used for enzymatic analysis and comparison of activity, substrate 
specificity and structure (x-ray analysis, amino acid sequencing), production of 
a monoclonal antibody for Western blotting and comparison to known SeGPX 
proteins. Thirdly, the sequence could be used to isolate the whole gene and 
the surrounding regions of DNA, the sequence and its similarity to mammalian 
genes being of interest and also leading to analysis which could yield important 
information on the Se-incorporation and expression-regulation sequences, the 
comparison of which with known regulatory sequences in mammalian genes 
would give information on the essential motifs and their conservation 
throughout evolution.
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"Before I heard him talk, I was like everyone else. You know what 1 mean? 1 
was confused and uncertain about all the little details of life. But now," he 
brightened up, "while I'm still confused and uncertain, it's on a much higher 
plane, d'you see, and at least I know I'm bewildered about the really important
facts of the universe."
'Equal Rites'
Terry Pratchett
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APPENDIX
SOLUTIONS, MEDIA AND BUFFERS
Ampicillin stock solution 
100mg/ml in distilled water 
Sterilise by filtration, 0.2jum pore
10xBurgoynes buffer 
0.6M KCI 
0.15M NaCI 
0.15M Tris/HCI pH 7.5 
15mM Spermidine
Catalase assay buffer
a) 13.93g K2 HPO4
dissolve in distilled water up to 11
b) 10.89g KH2PO4
dissolve in distilled water up to 11 
mix a and b until pH is 7.0
Church buffer + formamide 
35ml 1 MNa2HP0 4 , sterile, heat to dissolve.
15ml 1MNaH2P0 4 , sterile 
50ml deionised formamide 
7g SDS
0.2ml 0.5M EDTA
ensure pH is 7.0, dissolve by heating
Cushion buffer 
1x Burgoynes buffer 
0.1 mM EDTA 
O.ImMEGTA 
0.5M sucrose
DNA extraction -homogenisation buffer 
1x Burgoynes buffer 
2mM EDTA 
0.5mM EGTA 
0.34M sucrose
Deionised formamide and formaldehyde 
5g ion exchang resin (AG-501-X8, from Biorad) added per 100ml formamide 
or formaldehyde solution. Stir At 4°C for 3 hours, allow beads to settle and 
filter through Whatmann 3MM paper.
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50 X Denhardts solution 
10g Bovine Serum albumin (fraction V)
10g Ficoll 400,000
10g Polyvinyl pyrrolidone 40,000
add distilled water to 11, sterilise by filtration
DNA loading buffer 
30%w/v Ficoll,
0.25% \n N  bromophenol blue 
0.2M EDTA pH8.0 
dissolve in lOx TAE buffer
DT-diaphorase assay buffer 
6.06g Tris
dissolve in 450ml distilled water, adjust pH to7.6 with HCI, adjust volume to 
500ml
EDTA stock (0.5M)
186.1g/l EDTA
adjust pH to 8.0 with approx. 20g NaOH pellets 
Sterilise by autoclaving
Ethidium Bromide stock 
dissolve 3mg ethidium bromide per ml TE buffer 
use at 3jL/g/ml by dilution in TE buffer
Hybridisation solution - Sambrook eta l 1989 
30ml 20x SSC 
2ml 0.2M Na2HP04 pH 6.5 
0.5M EDTA pH 8.0 
10ml 50x Denhardts solution 
1ml lOmg/ml denatured herring sperm DNA 
5ml 10% w/v SDS 
50ml distilled water
GPX assay buffer
a) 13.6g K2 HPO4
dissolve in distilled water up to 11
b) 17.4g KH2PO4
dissolve in distilled water up to 11 
mix a and b until pH is 7.0
Glutathione reductase assay buffer
a) 28.53g K2 HPO4
dissolve in distilled water up to 11
b) 17.01 g KH2PO4
dissolve in distilled water up to 11 
mix a and b until pH is 7.5
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Isolation buffer 
0.15M NaCI 
lOmM EDTA 
lOmM Tris pH 7.5
Lactate dehydrogenase assay buffer 
3.5g K2HPO4 
0.45g KH2 PO4 
31 mg Sodium pyruvate 
dissolve in distilled water up to 450ml
Lowry solution A 
lOg Sodium carbonate 
2g potassium sodium tartrate 
dissolve in 500ml 1M NaOH 
add distilled water to 11
Lowry solution B 
2g sodium potassium tartrate 
1g CUSO4 .5H2O 
dissolve in 90ml distilled water 
make up to 100ml with 1M NaOH
Lowry solution C
Dilute Folin's phenol reagent 1:15 v/v with distilled water, use from fresh
Malate dehydrogenase assay buffer 
12.11g Tris
dissolve in 800ml distilled water 
adjust pH to 7.6 with conc. HCI 
make up to II with distilled water
Methylene blue RNA stain 
75mg Methylene blue powder 
dissolve in 250ml sodium actetate, pH 5.2
MOPS buffer (RNA agarose electrophoresis)
83.71 g MOPS
33.3ml 3M Na acetate solution, pH4.8 
20ml 0.5M EDTA pH 8.0
add distilled DEPC treated water to 11, sterilise by autoclaving
lOx PBS 
80g NaCI 
2g KH2PO4 
29g Na2HP0 4  
2g KCI
add distilled water to 11
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PBSBT 
100ml lOx PBS
lOg BSA fraction V, or fat free milk powder
1ml Tween 20
add distilled water to 11
Phenol:Chloroform:isoamyi alcohol 
240ml Chloroform 
add 10ml isoamyl alcohol, stir 
add 10 ml TE saturated phenol 
cover with 30ml TE buffer
RNA loading buffer 
50% w/v glycerol 
ImM EDTApH 8.0 
0.25% w/v bromophenol blue 
0.25% w/v xylene cyanol
SDS PAGE electrode solution 
12.12g Tris 
57.64g glycine 
40ml 10%w/v SDS 
add distilled water to 41
SDS PAGE sample solubilisation buffer 
7.5ml Glycerol 
2.5ml 2-mercaptoethanol 
11.5ml 10% w/v SDS 
0.5ml 0.1% bromophenol blue 
0.88g Tris
add 40ml distilled water, adjust pH to 6.8 with conc HCI add distilled 
water to 50ml
SDS PAGE transfer solution 
7.26g Tris 
33.78g glycine 
600ml Methanol 
add distilled water to 31
SOD assay buffer
a) 17gKH2P04 
9.3mg EDTA
b) 4.35g K2 HPO4 
18.6mg EDTA
Mix a and b until pH is 7.8
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Southern neutralising solution 
120g NaCI
500ml IMTris/HCI pH 7.5 
add distilled water to 11
Southern denaturing solution 
20g NaOH pellets 
87.66g NaCI
dissolve in distilled water to 11
20x SSC (saline sodium citrate)
175.32g NaCI 
88.23g Sodium citrate
add distilled water to II, sterilise by autoclaving
TAE electrophoresis buffer (DNA agarose electrophoresis)
48.4g Tris
40ml 0.5M EDTA pH 8.0 
11.42ml glacial acetic acid
Add distilled water to 11, if necessary adjust pH with further acetic acid
Tris-saturated phenol, pH 8 
Add an equal volume of 0.5M Tris pH 8.0 (alternatively TE buffer) 
stir for 15 minutes, allow to separate, replace upper layer with 0.1M 
Tris pH 8.0, stir for 15 minutes, allow to separate and check pH. 
Repeat until pH is between 7.5 and 8.0, store under a 1cm layer of TE
Tris/HCI 1M stock
121.1 g Tris in 800ml distilled water 
add conc. HCI until desired pH is reached 
sterilise by autoclaving.
TE buffer 
2ml EDTA pH 8.0 
10ml IMTris/HCI pH 8.0 
add distilled water to II, sterilise by autoclaving
TYN broth 
lOg Tryptone 
lOg Yeast extract 
5g NaCI
add distilled water to II, sterilise by autoclaving
Tissue homogenisation buffer
I.21g Tris
171.2g sucrose
II.81 g KCI
add distilled water to 800ml, adjust to pH 7.6 with HCI, make up to 11 
with distilled water
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